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PREFACE TO THE SECOND EDITION 

The acceptance of the viewpoint expressed by the author in 
the first edition that electrochemical practice is a branch of 
chemical engineering and not a subdivision of physical chemistry 
has been gratifying. 

Some rearrangement of topics has been made, with inclusion 
of new subject matter resulting from electrochemical develop- 
ment. It is hoped that the volume will continue to serve as a 
text in chemical engineering courses and as a reference work for 
industry in general. 

The author is indebted for help, advice, and criticism to many 
men engaged in electrochemical technology and to the organiza- 
tions with which they are connected. For permission to use 
certain illustrations, credit is due Chemical and Metallurgical 
Engineering , Industrial and Engineering Chemistry , Chemical 
Industries , The Iron Age , the Aluminum Company of America, 
Norton Company, Krebs & Co. (Berlin), the International 
Graphite and Electrode Corporation, as well as others specifically 
acknowledged in the text. For constructive criticism, thanks are 
rendered to Professor Colin G. Fink of Columbia University, 
Professor L. E. Stout of Washington University at St. Louis, and 
the many friends who aided in the preparation of the first edition; 
Mr. S. D. Kirkpatrick, editor of Chemical and Metallurgical 
Engineering; Dr. H. C. Parmelee, editorial director of Engineering 
and Mining Journal; Mr. S. Skowr&jiski of Raritan Copper 
Works, and Dr. W. S. Landis, vice-president of the American 
Cyanamid Company. In reference to data, illustrations, and 
viewpoint on salt electrolysis, Krebs & Co. (Paris); P. H. Grog- 
gins of the U.S. Department of Agriculture; T. B. Lyster of 
Hooker Electrochemical Company; D. S. Dinsmoor of Monsanto 
Chemical Company; B. M, Petrie of Eastern Manufacturing 
Company at Bangor; C. W. Scheidler of Great Western Electro 
Chemical Company; F. G. Wheeler of Appleton, Wis. ; H. M. 
Annis of the Oxford Paper Company; C. B. Barton of the Brown 
Company; Dr. L. I). Voree of Westvaco Chlorine Products 
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Corporation; Noel Statham of West Virginia Pulp and Paper 
Company; B. D. Millidge of the Howard Smith Paper Mills, 
Limited, at Cornwall, Ont. ; J. H. Hubei of Canadian Industries, 
Limited, at Montreal; J. E. Plumstead of The Jessup & Moore 
Paper Co.; and Umberto Pomilio of the Pomilio Corporation, 
Limited, all cheerfully cooperated. The same is truefor Frederick 
Laist, E. S. Bardwell, and A. E. Wiggin of Anaconda Copper Min- 
ing Company; H. W. Aldrich of Inspiration Consolidated Copper 
Company; D. L. Ogden of the United States Metals Refining Co. ; 

G. F. Creveling of the African Metals Corporation and the 
Soci6t6 G6nerale M6tallurgique de Hoboken in Belgium; R. M. 
Murray of Mount Lyell Mining and Railway Company, Lim- 
ited; the Norddeutsehe Affinerie at Hamburg; E. R. Marble, 

H. Y. Walker, Jesse O. Betterton, and S. H. Levison of the 
American Smelting and Refining Company; H. Y. Eagle of 
Archer E. Wheeler, C. S. Harloff of Nichols Copper Company; 
F. Benard of Ontario Refining Company, Limited; and F. F. 
Colcord of the U.S.S. Lead Refinery, Inc.; P. F. McIntyre and 
B. A. Stimmel of the Consolidated Mining and Smelting Com- 
pany of Canada, Limited; Harold Kingsmill of Cerro de Pasco 
Copper Corporation; J. H. Sehloen of Canadian Copper Refiners; 
W. G. Woolf of the Sullivan Mining Company; M. K. T. Reikie 
of Hudson Bay Mining and Smelting Co., Limited, at Flin Flon, 
Man.; W. C. Snow of the Electrolytic Zinc Company of Austral- 
asia, Ltd.; C. Merrill Chapin, Jr., of St. Joseph Load Company; 
and K. M. Leute of Electro Manganese Corporation, in connec- 
tion with various phases of electrowinning, elect rorefining, and 
electrothermics ; Hendley N. Blackmon of the West inghouse 
Electric & Manufacturing Company, and LI. II. Newton of the 
General Electric Company, in reference to power for electro- 
chemical purposes; as well as B. Kjellgren of Tin* Brush Beryl- 
lium Company concerning beryllium. As a result, the operating 
data represent current practice*. In this edition, as with tin* 
former, Miss Edna M. Rogers carefully prepared the manuscript 
and painstakingly corrected proof. 

C. L. Mantkll. 


Munsey Park, 
Manhasset, N. Y. 



PREFACE TO THE FIRST EDITION 

Electrochemistry has too often been given a minor place as a 
subdivision of physical chemistry, where it is frequently relegated 
to obscurity. The commercial importance and magnitude of 
those industries commonly classified as electrochemical are too 
little appreciated; the breadth, the scope, and the influence of 
these, industries and their products on our daily life are too often 
unrealized. Furthermore, the engineering side of the subject is 
neglected. Foreign technical literature, especially the German, 
abounds in texts and treatises on the industrial and engineering 
phases of electrochemical processes, while the American literature 
shows a paucity of book information on such topics. This 
volume is a modest attempt to fill the gap. It endeavors to 
point out and emphasize the technological importance of electro- 
chemical processes, to stress their practical aspects, and to adopt 
the engineering viewpoint. 

A volume such as this would not be possible without the 
cooperation of many men who are particularly qualified in 
certain phases or sections of the field. The author is especially 
indebted to Dr. Marion Eppley of the Eppley Laboratory for aid 
in connection with standard cells; Dr. William Blum of the 
Bureau of Standards for his criticism of the chapter on electro- 
plating; Mr. Stanislaus Skowronski of the Raritan Copper Works, 
who painstakingly reviewed the chapters on metal refining and 
elect rowinning; Dr. F. M. Becket of the Union Carbide and 
Carbon Corporation for his criticisms of the chapters on calcium 
carbide and ferro-alloys; Mr. Jerome Strauss of the Vanadium 
Corporation of America, who read the section on ferroalloys; 
Mr. N. R. Stansol of the General Electric Company for his 
comments on the chapter dealing with electric furnaces; Dr. 
J. A. Gann of t he Dow Chemical Company for help in connection 
with magnesium; Mr. T. H. Donahue of the Anaconda Lead 
Products Company, who supplied data on white lead; Mr. L. E. 
Saunders of the* Norton Company and Mr. F. D. Bowman of 
The Carborundum Company in connection with silicon carbide 
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and fused alumina; Mr. W. E. Holland of tin* Philadelphia 
Storage Battery Company and Mr. F. Brehme of the Edison 
Storage Battery Company concerning secondary cells; Dr. G. \Y\ 
Vinal of the Bureau of Standards on primary and secondary cells; 
Mr. Frank Kemmer and Dr. G. H. Buchanan of the American 
Cyanamid Company for aid in connection with carbide and 
cyanamide; Dr. S. E. Sheppard of the Eastman Kodak Company 
for information on rubber deposition; Mr. G. B. Klugh of the 
Federal Phosphorus Company for suggestions on phosphoric 
acid; Mr. Edgar Knowles of the International Electrolytic 
Plant Company, Ltd., for comments on hydrogen and oxygen 
cells; and the many industrial organizations who cooperated to 
the extent of furnishing material for illustrations which ant 
individually acknowledged at their point of insertion. In 
addition, the author has been the recipient of operating data 
from many companies engaged in the oloctrorefining or electro- 
winning of metals, the production of chlorine and caustic, and 
the manufacture of electrothermal products. This information, 
without at all times specific acknowledgment, constitutes the 
bulk of the tables in the text. Last, but not least, it is a pleasure 
for the author to acknowledge the constant help of Miss Edna M. 
Rogers, who painstakingly prepared the manuscript and compiled 
the numerous tables. 

The author realizes that, in descriptions of processes mid plan i 
practices subject to rapid and continuous change, errors end 
inaccuracies may creep in. Criticisms will be welcomed at all 
times and gratefully received. 

The title u Industrial Electrochemistry” is intended to be 
broadly inclusive of the theoretical and technical sides of electro- 
chemistry, the aqueous and fused electrolyte industries, elect ro- 
thermies, and the electrochemistry of gases, as well as t In- 
distinctly engineering aspects. It is hoped that 1 his volume will 
find a place, not only as a text book, in chemical engineering 
courses, but also as a work of reference for the industries in 
general. 

C. L. Mantkll 

Brooklyn, N. Y., 

August , 1931. 
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CHAPTER I 

SCOPE OF THE ELECTROCHEMICAL INDUSTRIES 


Electrochemistry has been, classically defined as the science 
which treats of the chemical changes produced by the electric 
* current and the production of electricity from the energy of chem- 
ical reactions. Theoretically the two branches are of equal 
importance. Industrially, however, the chemical and physical 
changes produced by the use of the electric current are by far 
the more important. 

Electrochemical engineering is a hybrid science having many 
ramifications. It may be considered primarily as a branch of 
chemical engineering upon which certain parts and aspects of 
electrical engineering and metallurgy have been grafted. Elec- 
trochemical engineering concerns itself, not only with all the 
topics generally considered as electrochemical, but also in a 
minor way with the furnishing of power to the industries; the 
' "utilization ol that power; the design, construction, and operation 
of the equipment, machinery, and plants employed to produce 
the electrochemical products; the economic considerations 
involved in the competition of chemical and electrochemical 
methods for the production of the same or similar products, as 
well as the sale, distribution, and consumption of the materials 
produced. 

Electrochemical industries may be roughly divided into 
several classes: (1) those of an electrolytic nature, further sub- 
divided into those of (a) the eleetroseparation type, represented 
by alkali and chlorine, (/>) the electrowinning type, as represented 
by the copper industries in which the copper is produced by the 
leaching of ore, (c) the large electrorefining group, of which 
electrolytic copper and nicked are examples, and (ri) the electro- 
deposition type, represented by the electroplating and electro- 
forming field; (2) the fused electrolyte group, represented by 
aluminum, magnesium, and the alkali metals as examples; (3) 
the electrothermal group, examples of which are calcium carbide, 
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cyanamide, graphite, and the synthetic abrasives; (4) the 
products of the electric furnace, which is used as a means of 
reaching elevated temperatures, such as the ferroalloys, electric 
steel, and special alloys; (5) the group which concerns itself 
with, the conversion of chemical to electrical energy, as repre- 
sented by the manufacture of batteries, of both the primary 
and secondary type; (6) a minor subdivision which, as the 
result of oxidation or reduction in electrolytic cells, is devoted 
to the production of organic products; and (7) those industries 
in which the primary interest is concerned with the action of the 
electric current in effecting reactions and conversions in the 
T gaseous phase. Each group and subdivision has problems and 
applications of the chemical and electrical engineering unit 
■ processes, but with the emphasis placed differently in the different 
groups. 

The scope of the electrochemical engineering industries is very 
wide. The products are essential to our modern and everyday 
complex existence. To illustrate the breadth of the industries, 
a list of products of the electric furnace and electrolytic cell, at 
least as far as the major materials are concerned, is given. We 
will attempt in this volume to discuss these materials, their 
preparation, technical manufacture, and industrial properties, 
from the engineering viewpoint. 

Electrochemical processes of an endothermic nature -i.c., 
which take place with the absorption of electrical energy — have 
frequently supplanted purely chemical processes and in some 
cases allowed the production of new products which could hardly 
be obtained in any other way. Thus copper is now almost 
entirely refined by electrochemical means. All the chlorine 
used for water purification, sanitation, and bleaching is JLh<* 
product of electrolytic cells, while the manufacture of aluminum, 
calcium carbide, and the synthetic abrasives of the silicon carbide 
or fused-alumina type could not have reached their present com- 
mercial development without the use of electrochemical met hods. 

In chemical processes the necessary energy is ordinarily intro- 
duced as heat. It often happens that the simplest and most 
direct of the pure chemical methods for reaching certain ends 
cannot be used, owing to the great reaction resistances or t he 
impossibility, under a given set of conditions, of converting 
thermal into chemical energy. As a result, it is often necessary 
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Table I. — Products of Electric Furnace and Electrolytic Cell 


Product 

Raw material 

Elec- 

tric 

furnace 

Fused 

electro- 

lyte 

Electro- 

lytic 

cell 

Application 

Alumina, fused 

Bauxite (natural alu- 
minum oxide) 

X 



Abrasives and refractories 

Alumina, pure 

Bauxite 

X 



Insulating material, aluminum 

Aluminum, pure 

Aluminum metal 


X 


metal 

Corrosion resistant coatings 

Aluminum metal 

Bauxite 


X 


Electric power transmission cable; 

Ammonium persulphate.. 

Ammonium bisul- 



X 

lightweight alloys for airplanes, 
automobiles, and trucks; deox- 
idizing agent for steel; alumino- 
thermic reactions; ammonal 
(explosives); acid containers; 
cooking utensils 

Oxidizing and bleaching agent. 

Anthraquinone 

Barium 

phate solution 
Oxidation of anthra- 
cene 

Fused barium chlo- 


X 

X 

batteries 

Chemicals, dyestuffs 

Alloys, electron emission 

Beryllium 

ride 

Beryl 


X 


Light alloys 

Bismuth 

Lead refining slimes 



X 

Alloys 

Cadmium 

Zinc electrowinning 
slimes 



X 

Alloys, plating 

Caleium 

Calcium carbide 

Calcium chloride 

Lime and coke 

X 

X 


Special uses, radio tubes, lamps, 
alloys 

Acetylene for welding, cutting 

Calcium cyanamide 

Calcium carbide (ni- 

X 



and lighting, acetone, acetic 
acid, airplane dope 

Fertilizer, ammonia, cyanides 

Carbon bisulphide 

trogen of the air) 
Coke and sulphur 

X 



Solvent, insecticide, carbon tetra- 

Caustic 

Water, salt 



X 

chloride, artificial silk (viscose) 
Soap, paper industry, explosives 

Cerium metals 

Rare earth chlorides 


X 


Pyrophoric alloys, automatic 

Chlorine gas 

Water, salt 



X 

lighters, tracer bullets and shells 
Bleaching, gas warfare, mustard 

Chrome yellow 

Lead 



X 

gas, phosgene, chlorpicrm, silicon 
tetrachloride, explosives, chlor- 
benzol, water purification, sur- 
gery (Dakin solution), detinning, 
artificial plastics, hydrochloric 
acid, aluminum chloride for oil 
refining, sanitation 

Paint pigment 

Chromic acid 

Oxidation of chro- 



X 

Chromium plating, chemicals 

Chromium 

mium sulphate solu- 
tion 

Chromic acid and 



X 

Plating, alloys 

Copper, pure 

sulphuric acid solu- 
tion 

Copper ore 



X 

Electrical and brass industries 


Crude copper 



X 
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Table I. — Products of Electric Furnace and Electrolytic Cell.- 

( Continued ) 


Product 

Raw material 

Elec- 

tric 

furnace 

Fused 

electro- 

lyte 

Electro- 

lytic 

cell 

Application 

Deuterium 

Water 



X 

Chemical for scientific use 

Ferrochrome 

Chrome ore 

X 



Special and high-speed steels. 

Ferrocolumbium 

Residues from tin 

X 



armor plate, projectiles 

Alloys, addition agents to steel. 

Ferromanganese 

ores 

Manganese ore and 

X 



stainless steels 

Steel, permanganates 

Ferromolybdenum 

coke 

Molybdenum ore 

X 



Special steels 

Ferrosilicon 

Iron, silica rock, coke 

X 



Making steel, making hydrogen 

Ferrosihcon-titanium 

Bauxite 

X 



Steel deoxidizer 

Ferrotitamum 

Titanium ore 

X 



Scavenger in steel making 

Ferrotungsten 

Tungsten ore 

X 



Special and high-speed steels 

Ferrovanadium 

Iron vanadate 

X 



Special steels, automobile steels 

Fluorine 

Fused potassium acid 


X 


Chemical 

Frary metal 

fluoride 

Alkaline earth chlo- 
rides 


X 


Bearing alloys 

Gold 

Copper refining 



X 

Jewelry, coinage, industrial alloys 

Graphite 

slimes 

Anthracite coal 

X 



Electrodes, lubricants and paints 

Hydrogen 

Water, NaOH 



X 

Ballooning, hydrogenated fats 

Hydrogen peroxide 

Sulphuric acid solu- 



X 

Chemicals, antiseptic, bleaching, 

Hypochlorite 

tion 

Water, salt 



X 

oxidizing agent 

Disinfectants, bleaches 

Indium 

Indium oxide in sul- 



X 

Nontarinshable silver alloy, jew- 

Iodoform 

phuric acid solution 
Aicohol, potassium 



X 

elry, television 

Antiseptic, disinfectants 

Iron, electrolytic 

iodide, sodium car- 
bonate sol ution 
Ferrous ammonium 



X 

Electromagnetic purposes 

Iron, pig 

sulphate solution 
Iron ore 

X 



Steel industry 

Iron, pure or ‘ ‘ Swedish ’ ’ . 

Pyrrhotite 



X 

Tubes and special steels 

Lead, refined 

Crude lead 



X 

Alloys, fittings, acid chambers 

Lithium metal 

Lepidolite, lithium 


X 


Light alloys 

Magnesium metal 

salts 

Magnesium chloride 


X 


Flashlight powders, lightweight. 

Manganese, electrolytic. . 

Manganese ore 



X 

alloys, tracer bullets and Hares 
Ferrous and nonferrous alloys 

Mannitol 

Reduction of glucose 



X 

Esters, ethers, chemicals 

Nickel, refined 

solution 

Crude nickel 



X 

Alloys, plating industry, <hnr\ 

Nitric acid 

Air 

X 



equipment, utensils 

Explosives, fertilizers 

Oxygen 

Water, NaOH 



X 

Oxy welding, oxycijttmg 

Ozone 

Air 



X 

Sterilization of water, .sanitation 

Palladium 

Nickel refining slimes 



X 

Industrial alloys 

Para-ami nophenol 

Reduction of nitro- 



X 

(Chemicals, photographic de\id- 

Perborates 

benzene 

Borax 



X 

oper, dyes 

Bleaching agents for textile-, 
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Table I. — Products of Electric Furnace and Electrolytic Cell.- 

(Continued) 


Product a 

Raw material 

Elec- 

tric 

furnace 

Fused 

electro- 

lyte 

Electro- 

lytic 

cell 

Application 

Perchloric acid 

Hydrochloric acid 



X 

Salts of perchloric acid 

Phosphoric acid 

Phosphate rock, coke 
and sand 

X 



Acid phosphates, cleaners, food 
products 

Phosphorus 

Phosphate rock, coke 
and sand 

X 



Matches, phosphorus compounds, 
phosphor bronze, smoke screens 

Platinum 

Nickel refining slimes 



X 

Catalysts, jewelry, industrial 
alloys 

Potassium chlorate 

Potassium chloride 



X 

Primers, matches, dyeing 

Potassium hydroxide 

Potassium chloride 



X 

Soap, chemicals, mercerizing cot- 
ton, electroplating 

Potassium perchlorate .... 

Sodium chlorate so- 
lution and con- 
verted to potassium 
salt 



X 

Oxidizing agent, explosives, medi- 
cine 

Potassium persulphate. . . 

Potassium sulphate 
solution 



X 

Oxidizing agent, bleaching 

Quartz, fused 

Quartz rock 

X 



Silica tubes, heat-resisting mate- 
rials, optical uses, lenses 

1th odium 

Nickel refining slimes 



X 

Industrial alloys 

Rubber 

Latex containing the 
usual components 
for compounding 
rubber 



X 

Household and industrial rubber 
goods 

Silicon 

Sand and coke 

X 



Silicon, steel, hydrogen for bal- 
loons, resistance units, silicides, 
silicon tetrachloride 

Silicon carbide 

Sand, sawdust, and 
coke 

X 



Abrasives and refractories 

Silver 

Copper refining 
slimes 



X 

Jewelry, coinage, industrial alloys 

Sodium bichromate. . 

Chromium salts 



X 

Dyeing, tanning 

Sodium chlorate 

Sodium chloride so- 
lution 



X 

Weed killer, explosives, matches, 
oxidizing agent 

Sodium metal ... 

Sodium perchlorate 
Sorbitol 

Caustic (Castner) ; 
salt 

Sodium. sal ts.NaClOa 
Reduction of glucose 
solution 


X 

X 

X 

Peroxides, cyanides, bleaching, 
mining 

Alloys, tetraethyl lead, organic 
synthesis 

Fireworks 

Hurneetant, resins and plasti- 
cizers, vitamin C, chemicals 

Tantalum . . 

Potassium tantalum 
fluoride 



X 

Acid-resistant lining for chemical 
equipment 

Thorium. . . . 

Tin, refined .... 

Tungsten 

Fused potassium 

thorium fluoride 
Impure tin, tin dross 
Sodium tungstate 
solution 


X 

X 

X 

Electron emission, X-ray targets 

Tin-plate industry, bronzes 

Alloys, plating, electric bulbs 

Uranium 

Fused potassium 
uranous fluoride 


X 


Alloys 

White lead 

Lead 



1 X 

Paint pigment 

Zinc, pure.. . . . 

Zinc ore 



L x 

Brass industry, galvanizing 
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to employ several successive reactions to replace a single direct, 
one. Electrochemical processes usually involve the introduction 
of the needed energy, not in the thermal manner, but in an elect r i- 
cal one; or when the electric current is used for heating, it may be 
applied almost entirely at the point where it is desired. Usually 
the electrochemical processes are simpler and more direct 
than the corresponding chemical procedures. Sometimes, how- 
ever, the electrochemical method is more expensive, than its 
competitive purely chemical one but is preferably used, inasmuch 
as it allows the production of a purer product. 

Electrochemical processes, however, cannot stand so much 
variation in their operation as chemical processes. Generally 
they operate satisfactorily only under constant conditions. It is 
therefore almost axiomatic that electrochemical processes should 
be as simple as possible. The raw materials used should be as 
pure as can be obtained or manufactured within the economic 
limitations of the process. Elimination of impurities is usually 
necessary so that side reactions introduced by the impurities 
may be prevented and efficiencies of operation maintained. The 
electrochemical industries for technical and economic success 
demand raw materials of high purity, ready availability, and 
constancy of composition and supply. These are manufactured 
under constant and reproducible conditions into the desired 
products. If the raw materials for the. operations he impure, 
preliminary chemical purifications are ordinarily warranted. 

Commonly the electrochemical processes and industries 
dependent upon these need constant power supply, seldom 
interrupted, continuously available, and well regulated. In 
turn, electrochemical processes show high load factors of a 
steady and nonfluctuating nature. Usually for economic suc- 
cess cheap power is necessary. This factor is often so important 
that it is less expensive to bring the product to bo treated to the 
source of power than to bring the power to the source of the raw 
material. 


HISTORICAL DEVELOPMENT 

At a dignified meeting of the Royal Society in London in the 
year 1807, Sir Humphry Davy lectured to a distinguished gather- 
ing on some of the chemical reactions caused by the electric 
current. Leaders of society paid a large admission fee to see the 
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experiments. On the lecture table, mounted on a block of wood? 
there was a sheet of platinum with a wire connected to it. On 
top of the platinum was a stick of caustic with a small hollow 
filled with mercury. Another wire dipped into that. The wires 
were connected to a battery. The switch was closed, and after 
a while the mercury became stiff. Davy dropped the stiff 
mercury into water. It gave off hydrogen gas which could be 
burned. He showed that the stiff mercury was an amalgam of 
mercury and sodium. By the action of the water and the 
amalgam a solution of caustic or lye was produced. In further 
experiments he produced globules of bright shining sodium 
metal and, in others, particles of the related metals, potassium, 
barium, strontium, calcium, and magnesium. 

The setting, as far as the public is concerned, was the birth- 
place of electrochemistry. Great interest was aroused in Davy's 
work, and many prominent people subscribed to a fund to buy 
larger batteries. With these a few years later Davy showed 
electric arcs over an inch long. These were formed between 
pieces of charcoal or “poles." Davy spoke of the positive and 
negative poles, depending upon whether they were connected 
to the positive or negative side of his battery. Later Davy's 
assistant, Faraday, employed the word “electrode” as a general 
term for Davy's positive and negative poles. 

It is a long cry from 1809 and the little black sticks of charcoal 
with which Sir Humphrey Davy struck the first electric arc 
to the present day and the mammoth furnace electrode 15 ft. 
long, 48 in. in diameter, and weighing nearly O 1 ^ tons. Yet 
these two sparking points are responsible, not only for the huge 
electrodes, but for the very furnaces in which they are used. 
They are the hub out of which in the next century our modern 
electrochemical products have come, through the medium of 
the electric furnace, the battery, the electrolytic cell, and modifi- 
cations of these. The sparks from Davy's small electrode have 
had far-reaching effects. They have showered over so wide a 
territory that they cover one-tenth of all the chemical industries 
and represent about $ 350 , 000,000 worth of products a year. 

The commercial development of the electrochemical industries, 
in their breadth and extent as we now know them, contributing 
to our present complex civilization is less than fifty years old, 
but the entire basic science and art go back little more than a 
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Fig. 1. — March of progress of electrochemistry. 
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century. This is strikingly illustrated in the march of progress 
depicted in Fig. 1. 

Electrochemical processes require electrical energy, the exist- 
ence of which was to all intents and purposes unknown before 
1800 when Volta, an Italian nobleman, discovered that two 
unlike metals in contact with moistened paper or a salt solution 
gave a small electric current. A number of these couples in a 
pile was the first source of electrical energy used to break up 
water into its elements and provide for Davy’s arc in 1807 
Faraday discovered the inductive effects of the electromagnet, 
the basic principles for our electrical machines, as well as the 
underlying laws of the action of electrical energy on chemical 
substances and solutions. This was in 1834, a little over a 
hundred years ago. 

Robert Hare of Philadelphia in 1816 invented his calorimotor 
which was an electric battery for heating purposes. The 
chemical battery, invented by Daniell in 1836, furnished a new 
and more powerful source of electrical energy than did Volta’s 
pile. In its wake and through its use came electroplating, so 
extensive today, developed by the Elkingtons in England from 
1836 on; and electrotyping, the reproduction of articles, by 
Jaqobi in 1839. Wright in 1840 worked out the basis for plating 
solutions, little changed save in refinement of details, as used 
today. Then came a lapse; but in 1849 we find cadmium plating 
discovered and rediscovered some seventy years later when 
commercial quantities of cadmium became available. Bunsen 
separated magnesium metal from its salts in 1852 and lithium in 
1855. The first did not find commercial favor until more than 
sixty years later, and the latter is still seeking its place in tin* 
metallurgical sun. 

In 1859 there came a great step forward: Plants learned how 
to store electricity in his lead storage cell or secondary battery. 
Wohler made calcium carbide in 1862. It was thirty years 
later, when trying to make aluminum, that Willson stumbled 
on it again, to start that present-day gigantic industry and the 
products made from it. In 1868 Leclanche made his re II or 
battery. This in modified form is the present-day dry cell, the 
foundation of a forty million dollar business producing an article, 
of myriad applications: Adams commercialized nicked plating in 
1869 and thus made possible the nickel-plated handle bar of 



SCOPE OF THE ELECTROCHEMICAL INDUSTRIES 


13 


the widely popular bicycle before the age of the automobile. 
Improvements in nickel plating introduced by Edward Weston 
in 1872 carried the art to a greater number of applications. 
C. M. Brush of Cleveland perfected his system of electric arc 
lighting in 1871. Batteries of a rugged nature allowed Robinson 
in 1871 to work out his method of train signaling, and Edison 
in 1874 the tremendous development of the quadruplex telegraph 
so that the same wire carried more than one message at a time. 

Then began a new era of larger quantities of power. The 
electrical generating machine was built. In 1875 Anthony and 
Moler at Cornell University made the first American dynamo. 
By its use, Cornell's campus was lighted with electric lights while 
New York and Paris still used gas. In 1931 their dynamo was 
again operated as part of the Faraday centenary. Weston in 
1874 had built a plating generator supplying a low-voltage 
current. Edison in 1879 produced the carbon-filament incan- 
descent lamp and Brush the carbon-arc lamp. Both required 
power from sources of greater magnitude than batteries. u Cen- 
tral^ stations so commonplace and readily accepted today were 
then developed. Bell's telephone in 1876 and the first telephone 
exchange in New Haven in 1878 could operate with batteries. 
In 1876 Carr6, a Frenchman, had learned how to make carbon 
electrodes. In 1879 Elkington, from what had been done by his 
family in electroplating, learned how to purify copper com- 
mercially by electrochemical means, to produce a better material 
for carrying the electric current. Some four years later we find 
the Balbachs and the Thums producing electrolytic copper in 
the United States and working out mechanisms to refine silver. 

The year 1882 brought forth a practical electric motor. 
Electrical machinery development moved apace, provided larger 
blocks of power, and the electrochemist was quick to follow with 
developments to use this power. Parsons' steam turbine in 
1884 could drive larger dynamos more effectively. Bradley’s 
rotary converter in 1887 was a forerunner of the present-day 
ease of transmitting alternating current and changing it to the 
required direct current. 

Hall in 1885 worked out his aluminum process. T. L. Willson 
introduced the electric process for making calcium carbide in 
1888, and the commercial manufacture of this material in an 
electric furnace was begun at Spray, N.C., in 1894. Gassner in 
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1888 had converted Leclanche’s cell into its present-day dry 
form. Castner had also been searching for a way to make 
aluminum. He needed sodium metal to do it and in 1890 had 
invented a cheap method of making sodium metal, only to find 
his market had been taken by Hall’s work. He also was the 
creator of the mercury-type alkali-chlorine cell, brought out in 
1890 and operating today, producing the purest forms of caustic 
or sodium hydroxide. In 1891 Acheson, once Edison’s assist- 
ant, while searching for a way to make diamonds in tin* elect ric 
furnace, hit upon silicon carbide, the first synthetic abrasive, 
which he called Carborundum. Tesla, another of Edison’s 
coworkers, had made a motor driven by the alternating current . 

There was then much talk about Niagara Palls. The stage 
■\yas set for the most phenomenal of the electrochemical achieve- 
ments- Electric furnaces and electrolytic cells wore still in 
their infant stages but ready to grow up at a tremendous rate. 
Under the leadership of Adams, the power plants at Niagara 
Palls were begun and blossomed in 1894. Here was power in 
large quantities. The electrochemical industries needed cheap 
power day and night. They were invited to locate in Niagara, 
and a migration began. 

But new industries did not cease to be horn. In 1895 Moo re- 
tread made 50 per cent ferrosilicon. Tin.* blast furnace could nof 
make ferroalloys of such high quality. From Aehcson’s Carbo- 
rundum work an overheated furnace in 1895 gave him graphite. 
In the five years following, there came new ferroalloys which 
could be made only in the electric furnace. The twentieth 
century was born but not before Jacobs bad learned to melt 
aluminum oxide to bring forth a new, better, and stronger 
u emery,” another abrasive which, with silicon carbide, was in 
two decades almost to wipe out the uses of many nat oral cut ting 
materials. 

In 1898 the Mathieson Alkali Works at Niagara Falls, X.Y., 
and the Dow Chemical Company at Midland, Mich., began tin' 
manufacture of bleaching powder from electrolytic chlorine. 
This was some six years after the General Electric ( 'oinpuny ha <1 
been established and some five years after E. A. LeKueur began 
the manufacture of caustic soda and bleaching powder by the 
electrolytic decomposition of sodium chloride at Humford Falls, 
Maine. 
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At the dawn of the century, Edison brought forth his nickel 
storage cell. Hoopes in 1900 outlined the steps for the manu- 
facture of pure aluminum from Hall's product. A. J. Rossi 
had begun the smelting of titaniferous iron ores at Buffalo in 1894 
and produced ferrotitanium in 1900. Shortly after the turn 
of the century, E. R. Taylor began the manufacture of carbon 
bisulphide in the electric furnace at Torrey, N.Y. 

Conscious of the growing importance of the field, a group of 
leaders came together in 1902 to organize the American Electro- 
chemical Society, which was to grow so international in scope 
that the term u American" was later dropped. One of these 
founders, Becket, two years later developed new and purer ferro- 
alloys through the use of silicon instead of carbon. Whitney 
proposed the electrochemical theory of corrosion, a theoretical 
groundwork for the war against the toll of rusting and destruction 
by chemical and other agencies. Betts refined lead, Burgess 
iron, and Cottrell brought forth his method of electrostatic 
precipitation of dust and fume. 

The year 1905 brought the cyanamide process of Frank and 
Caro, whose work is the basis of some of the nitrogen-fixation 
plants, as well as the basis of the peace time uses of cyanamide, 
fertilizers, ammonia, cyanides, and urea. 

Another field still young but growing at a tremendous rate 
was opened up by DeForest in 1906 with his radio-tube detector; 
mankind was beginning to train the ultimate energy particle, the 
electron, to do his bidding. Radio, television, talking motion 
pictures, and all their ramifications were made possible, and the 
new field of electronics opened up to the world. Hybinette in 
1906 had worked out the kinks of commercial nickel refining. 
In 1907 F. G. Cottrell introduced the process for the electrical 
precipitation of suspended particles, a year after Baekeland’s pat- 
ents for regenerating electrolytes and for electrolytic diaphragms. 

Them came a lull when faith was needed. Chile had tremen- 
dous amounts of very low-grade copper deposits. The Guggen- 
heim organization backed the faith of Cappelen-Smith by 
spending millions to work out processes to win copper from ores 
of 1.5 per cent copper, lower than that thrown away by many 
mines, to emerge finally in 1912 as a tremendous development 
bringing forth the lowest production cost copper in the world, and 
making the elect roehemist instead of the mining engineer the 
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guiding hand. Another new realm opened up — that of eloetro- 
winning — to be followed by Anaconda and others in 1915 apply- 
ing related methods to zinc to produce a purer form than had 
been made before. Two years later came commercial quantities 
of cadmium worked up from zinc by-products. During this 
time there was great interest in the light metals, particularly in 
magnesium. When produced in 1915, it was expensive, selling 
for over a dollar a pound; but it grew to an annual production 
by the Dow Chemical Company, from by-products of salt 
brines, of over a million pounds a year, to sell at one- third of its 
original price. 

Electric furnaces of increased utility were manufactured, to 
find wider and wider application: the Ajax-Wyatt in 1916; 
ISTorthrup’s high-frequency furnace the same year; and before 
the World War ended, the Detroit Rocking furnace so widely 
used in the nonferrous metal foundries of the United States. In 
1919 the electrochemist further invaded the strictly chemical 
field with the advent of electrolytic white lead. The following 
year the Downs cell allowed the production of sodium from a 
cheaper material, salt instead of caustic. The electric furnace 
was successfully applied to phosphoric acid in the same year. 
The year 1921 brought renewed interest in coatings and platings 
— Sheppard and his coworkers learned how to plate rubber, an 
upside-down operation, for the rubber plated out at tin* positive 
pole instead of at the negative one as with the metals. The next 
year Fink at Columbia University converted the laboratory 
method of chromium plating into a commercial process. In 1925 
Fink learned the trick of reversing corrosion. Antiques thou- 
sands of years old were restored electroehemieally. Berry in 
1922 had applied the electric furnace to make dear fused quartz 
for mightier and more powerful optical instruments and tele- 
scopes. Langmuir and Alexander learned how to split, the 
hydrogen molecule apart into its atoms, to let these recombine 
and thus make the basis of a powerful heating tool — the atomic 
hydrogen welding torch — in 1926. 

Shortly afterward, the light metals, this time beryllium and 
lithium, commanded attention. Platinum was plated, followed 
by the use of rhodium in the same field in 1932. The* introduc- 
tion of the anodizing process for electroehemieally treating 
aluminum occurred in 1925, and aluminum could be given many 
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coatings and colors. Pressure electrolysis of hydrogen with the 
development of large capacity cells for doing this operation 
reached commercial application about the same time. In 1931 
the copper producers commercialized electrolytic sheet copper, 
and, shortly after, electrolytic metal powders were produced in 
the refining tank. In the field of electroplating in rapid suc- 
cession came tungsten as a coating in 1935, bright zinc in 1936, 
bright nickel in 1937, and electrogalvanizing from solutions 
similar to those employed in electrowinning in 1936. In the 
related field, electrolytic manganese was produced in the United 
States in 1937. Ferrocohimbium in 1935 was a new, useful 
ferroalloy, the same year in which Sorbitol and Mannitol were 
made by electrolytic oxidation-reduction processes from sugars. 
Plating methods have been developed and used commercially 
for almost every one of the metals in the periodic table. A large 
portion of the gold, more than half the silver, and almost all the 
platinum and rhodium are available through the working up of 
by-products from electrolytic copper, nickel, zinc, and to a 
smaller extent/ lead. Secondary metals in a wide variety of 
mixtures are refined and their constituents recovered by electro- 
lytic procedures. 

Power for the electrochemical industries first depended upon 
the direct-current generator, then on the motor-generator set, 
then on the rotary converter, and to these has been added the 
large-capacity rectifier. These machines all combine in provid- 
ing efficient and flexible systems for power supply to perhaps the 
greatest power consumer which uses energy commonly 24 hr. a 
day, and every day in the year — the electrochemical industries. 



CHAPTER II 

ELECTRICAL UNITS AND FARADAY’S LAWS 

Electrical energy like other forms is a function of two factors: 
the quantity or current commonly expressed in amperes, and 
the intensity or potential difference ordinarily expressed in 
terms of volts. The extent of a change occurring in any energy 
content of a system is determined by both factors, but the 
possibility of a change is determined only by the intensity or the 
potential difference. In the well-known hydraulic analogy, 
water can move spontaneously from a higher to a lower level, the 
possibility depending upon the relative heights of the two levels. 
The potential energy change in such a system is the product 
of the weight of the water which has passed from one level to 
the other, and the difference in height. Similarly, temperature 
difference is a thermal potential which will determine the possi- 
bility of heat transference, while affinity in a chemical reaction 
is a chemical potential. In such a system the product of the 
potential factor, or affinity of the reaction, and the quantity 
factor, or amount of matter which has been transformed, gives 
the quantity of chemical energy involved in the transference. 

Electrical Units. — The unit of electrical current strength is 
called the “ampere.” 1 When electricity is passed through an 
aqueous solution of a metallic salt, the salt is decomposed. In 
many cases the metal is deposited in the free state*. This 
phenomenon is a quantitative one. The ampere is defined as 
the unvarying electric current which will deposit silver at the 
rate of 0.00111800 g. per sec. from a solution of AgN();j in water 
| under a given set of conditions. 2 The current density, commonly 
expressed in amperes or subdivisions or multiples of this unit per 

1 Named after A. M. Ampere (1775-1836), French physicist and chemist. 

2 It is specified that the AgNO* solution shall contain 15 to 20 g. of salt to 
100 g. of distilled water. The solution must be used only once, not less 
than 100 cc. at a time, and not more than 30 per coni of the medal must bo 
deposited. The c.d. must not exceed 0.02 amp. per cm. 2 at the cathode, 
and 0.2 amp. per cm. 2 at the anode. 
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unit of cross-sectional area, is the current flowing through a 
conductor divided by the area of the conductor. Common units 
are amperes per square foot or amperes per square decimeter. 

In certain industrial operations, particularly in electroplating, 
c.d. may be the governing factor for the types of deposits desired. 
So-called “c.d. meters” are sometimes employed for control pur- 
poses in electroplating. These consist of cathode surfaces of 
definite area, connected in series with an ammeter, the mounting 
and connections being so arranged that the meter appears above 
the level of the bath and the whole apparatus can be hung on the 
cathode rod. The meter thus indicates amperes per unit of area. 

The quantity of current is a function of both the current 
strength and time. The unit is the coulomb 3 or ampere-second, 
defined either as the quantity of electricity passing in one second 
at a current strength of one ampere, or, from the definition of the 
ampere, being that quantity of electricity which, when passed 
through a solution of AgN0 3 , will deposit 0.00111800 g. of silver. 

The unit of electrical resistance is the ohm, 4 defined as the 
resistance of a column of mercury 106.3 cm. in length with a cross 
section of 1 mm. 2 , at a temperature of 0°C. 

The unit of the intensity factor, termed “electromotive force” 
or “potential difference,” is the volt. 5 The volt of the Interna- 
tional System of Electrical Units is “the electrical potential 
difference which, when steadily applied to a conductor having a 
resistance of one ohm, will produce in it a current of one ampere.” 6 
The volt cannot be easily produced as defined, owing to the 
definition of the ampere. The e.m.f. of a voltaic cell, however, 
can be determined against the international ohm and the inter- 
national ampere, and such a cell can be used as a medium for 
realizing the international volt. “Standard cells ” have provided 
the means for making comparisons of e.m.f. 

Standard Cells. — The cells so used may be divided into two 
classes: primary standards, or normal cells, and secondary stand- 
ards. The first are those by means of which the value of the 
volt is maintained, as at the Bureau of Standards or elsewhere. 

Named after C. A. Coulomb (1736-1806), French physicist. 

4 Named after G. S. Ohm (1787-1854), German physicist. 

5 Named after Count A. Volta (1745-1827), Italian physicist. 

« ^International Critical Tables,” Vol. 1, p. 34, McGraw-Hill Boole Com- 
pany, Ine., New York, 1926. 
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The second are those suitable for general laboratory use. A 
system used as a primary standard should have an e.m.f. that is 
reproducible. In addition, such cells should be constant; their 
e.m.f. should not change with time, or, at the worst, should 
change slowly and according to a definite law. Secondary cells 
need not be reproducible, as they are calibrated against primary 
standards, although as a matter of convenience their values 
should fall within certain limits. They should be constant or 
show only slow and regular changes in e.m.f. 

Of all the cells formerly used or proposed, two systems only are of interest 
today; of these two but one is in general service. One pole is of pure mer- 
cury, overlaid with an excess of a sparingly soluble salt of mercury, Hg 2 S0 4 . 
The other pole is an amalgam of a metal more electropositive than mercury 
and covered with an excess of a soluble sulphate of the metal of the amalgam. 
The cell liquid is a saturated aqueous solution of this soluble salt of the 
amalgam metal. 

As an excess of both Hg 2 S0 4 and the sulphate of the amalgam metal is 
provided, the concentration of the solution with respect to these two salts 
when in equilibrium with them must be definite for every temperature 
within a range. Since the e.m.f. of the system is determined by the con- 
centration of the solution, it will have a definite value for each temperature. 
This type of cell will be reproducible and is typical of the primary standard, 
or normal, cell. 

If the solution be saturated at some temperature well below 4°C. and the 
excess of the salt of the amalgam metal be omitted, a cell will result having 
a lower temperature coefficient than that of the normal standard. This 
form, known as the 11 unsaturated, ” cannot be held as reproducible, and is 
used as a secondary standard after calibration against a normal cell. Its 
lower temperature coefficient makes it desirable for general laboratory use. 

The cell vessel is an H of glass tubing, the lower ends being closed and 
furnished with sealed-in platinum lead wires. It provides a long path 
between the electrode faces, thus reducing the effects of diffusion. Mercury 
and Hg 2 S0 4 are placed in one limb, amalgam (with or without solid salt) 
in the other, and the vessel filled above the crossarm with solution. The 
upper ends are then sealed in the flame or closed with cork stoppers plus 
cement or wax. 

When the metal of the amalgam is zinc and an excess of ZnSC) 4 is present, 
the combination is known as the Clark cell. It is reproducible and constant 
but has a high temperature coefficient. To fill the need for a standard 
with a lower temperature coefficient, giving greater accuracy in laboratory 
use, the Clark-Carhart cell was developed. This is the unsaturated type of 
Clark cell. 

The Weston cell consists of an amalgam of cadmium, a solution of CdSO< 
having a concentration corresponding to that of a solution saturated at 4°C’., 
and pure mercury overlaid with Hg 2 S0 4 . This combination has a very 
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low temperature coefficient and is constant when properly made. It is 
not reproducible to the degree required in a primary standard. The 
"normal Weston” or “normal cadmium 31 * cell, analogous to the Clark cell, 
having an excess of CdSC> 4 , is therefore the standard. Its e.m.f. is taken as 
1.0183 volts at 20 °C. by international agreement. These cells are repro- 
ducible to better than 10 microvolts. Two typical forms are shown in 
Figs. 2 and 3. 


Fig. 2. — Weston standard cell. ( Cour - Fig. 3. — Commercial form of 

tesy The Eppley Laboratory .) standard cell. ( Courtesy The 

Eppley Laboratory .) 

A formula connecting temperature and e.m.f. between 0 and 40°C. has 
been derived by Wolff and is accepted internationally. It is 

Et = E 2 o - 0.00004075 (Z - 20) - 0.000000944(Z - 20) 2 + 

0. 0000000098 (Z - 20) 3 

Relation of Electrical Units. — The relation between the quan- 
tity factor / and the intensity factor E is given by Ohm's law 

E — IR 

or 
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wherein R is the resistance of the conductor. The current 
strength is directly proportional to the c.m.f. and inversely pro- 
portional to the resistance. 

The unit of electrical energy is the volt-coulomb or joule . 7 
Since power represents the amount of energy per unit time, the 
unit of electrical energy is that power which will develop one 
joule per second. This is known as the “volt-ampere or watt .” 8 

The relation of the various electrical units is given in Table II. 
Some of the quantitative relations existing between electrical 
and heat energy, which will be used in this book, are also included. 

Table II. — Electrical Units 
Amperes X seconds = coulombs 
Volts X coulombs = joules 
Volts X amperes = watts 
Watts X seconds = joules 
Sk. = kilowatt = 1,000 

Watt-hour — 3,600 watt-s /rids = 3,600 joules 
Kw.-hr. — kilowatt-hour = 1,000 watt-hours = 3,600,000 joules 
Kw.-yr. = kilowatt-year = 8,760 kilowatt-hours = 31,536 X 10 ft joules 
Hp. = horsepower » 746 watts = 0.746 kw. 

Kw. = 1.341 hp. 

1 joule = 0.2387 gram calorie (cal.) 

1 cal. = 4.183 joules 
1 kilogram calorie (Cal.) = 4,183 joules 
1 kw.-hr. = 860.5 Cal. = 3,415 B.t.u. 

1 hp.-hr. = 641.7 Cal. = 2,547 B.t.u. 

4 B .t.u. = 1,054 joules 

Faraday’s Laws. — Conductors of electricity may be sharply 
divided into three classes. The first, the metallic or electronic 
conductors, consists of the metals, alloys, and a few other sub- 
stances such as carbon. The current passes through these 
without the accompaniment of any ponderable quantity of 
matter. Those of the second class are termed “electrolytic con- 
ductors .” They embrace in general the solutions of adds, bases, 
and salts, fused salts, some solid substances, and hot gases. In 
electrolytic conduction the movement of the current is always 
associated with a movement of matter. When the current leaves 
the electrolyte, it cannot take the matter with it; the latter is 
consequently set free. Chemical effects are produced. These 

7 Named after J. P. Joule (1818-1889), English experimenter. 

8 Named after James Watt (1736—1819), Scotch inventor. 
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Current Efficiency. — Although the minimum quantity of 
electricity needed for the production of a gram equivalent of a 
substance is 96,500 coulombs or 26.8 amp. dir., we find that in 
practice more than this amount is required. That the actual 
quantity exceeds the theoretical is not due to the breakdown of 
Faraday’s laws but to other causes. There may be a separation 
of more than one substance at either electrode not taken into 
account. The products of the electrolysis may suffer mechanical 
loss. Secondary reactions may take place at the electrodes. In 
addition there may be current leaks, short circuits, and losses, 
in the form of heat. The ratio of the theoretical to the actua l 
quantity of current u sed is termed the “current efficiency .” In a 
simifar manner, the actual amount of a product formed from a 
definite amount of current, divided by the theoretical amount, 
also gives us the current efficiency. In commercial practice, 
current efficiencies may vary from as l^w as 25 to 30 per cent in 
the decomposition of certain fused salt «£nd the electrodeposition 
of chromium from aqueous solutions of chromic acid, to as high 
as 92 to 95 per cent in copper refining, 95 to 98 per cent in cert ii nr 
electroplating applications, and 100 per cent in the electrolytic 
oxidation of anthracene to anthraquinone. 

T he current-— divided by the volume upon 
acts is called the “current concentration .” If a high concentra- 
tion is to be produced of some compound subject to chemical 
decomposition, a high value of this quantity is desirable. 

Current Measurement. Coulometers. — The determination of 
current efficiency involves the weight or volume of a product 
produced as the result of electrolysis and the quantity of elec- 
tricity used. The current may be measured by an ammeter 
at frequent intervals, when the average figure multiplied by the 
time will give the number of ampere-hours expended. Galva- 
nometers are used for the detection of the current and occasionally 
for the measurement of small amounts. Ammeters are generally 
employed for industrial purposes. Coulometers find application 
for the measurement of current in experimental work. Faraday’s 
law is assumed, and all conditions are set so that 100 per cent 
efficiency is obtained in the instrument. The quantity of elec- 
trode product is weighed or measured directly or indirectly, and 
when divided by the electrochemical equivalent, the current in 
coulombs may be calculated. For satisfactory usage there must 
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be no secondary reactions or disturbing influences in the coulom- 
eter system. 

Coulometers are of several classes. In the weight coulometer 
the gain in weight of the cathode of an electric cell, due to the 
deposition of metal from a solution of its salt by the current, is 
measured. Volume coulometers are those in which the volume 
of a gas liberated as the result of electrolysis, or the volume of 
mercury set free during electrolysis of a suitable mercury salt, is 
measured. In titration coulometers the change in concentration 
or the amount of a substance set free at one of the electrodes is 
determined by analytical methods. 

The errors of coulometers are those inherent in the measure- 
ment of weight and volume or in titration, and also those duo to 
imperfections in the coulometer itself. The latter may come 
from a variety of causes, such as the liberation of substances other 
than the one assumed, or the loss of the substance after deposition 
and before weighing. The silver weight and the iodine titration 
cojilometers are the most accurate, partly because of the high 
equivalent weights of iodine and silver . 9 

The silver coulometer has been the subject of a great deal of 
investigation, because on the accuracy of the measurement of 
quantities of electricity depend not only the value of the faraday 
and the definition of the ampere, but also the value of the e.m.f. 
of the normal Weston cell, which is employed as a universal 
standard of e.m.f. The errors in the silver coulometer have been 
so completely eliminated that the results obtained for the e.m.f. 
of this cell by investigators in several countries, using three typos 
of the coulometer, agree to about one part in one hundred 
thousand. For the specifications and supplementary notes of 
the silver coulometer, the reader is referred to the excellent paper 
by Hosa and Vinal . 10 

For less accurate work the copper coulometer is often employed. The 
electrodes are of pure copper, the electrolyte consisting of 150 g. of crystal- 
lized CuS0 4 , 50 g. of H 2 S0 4 (sp. gr. 1.84), and 50 cc. of ethyl alcohol 11 in 

9 Oru gram Ag corresponds to 894.53, one gram I to 760.33 coulombs. 

10 Bull. Bur. Standards, 13, 479 (1916); Natl. Bur. Standards ( U.S .) Sni. 
Paper 285 (1916). 

11 The addition of ethyl alcohol to the solution minimizes the side reaction, 
Cu + — * Cu ++ , at the surface of the electrolyte because of the absorption of 
oxygen from the air. The alcohol is slowly oxidized to acetone and noetic 
acid. 
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1,000 cc. of distilled water. The strength of the current employed should 
not exceed 0.02 amp. per cm. 2 nor fall below 0.002 amp. per cm. 2 of cathode 
surface. The anodes are best enclosed in bags of parchment paper to keep 
impurities from the electrolyte. The size of the coulometer is determined 
by the current it is designed to carry. When the electrolysis is finished, 
the cathode is withdrawn, washed thoroughly with water, then washed with 
alcohol, dried quickly, and weighed. Since the electrochemical equivalent 
of copper is 0.0003294, 1 g. of copper deposited on the cathode of the coulom- 
eter corresponds to the passage of 3,040 coulombs 
of electricity through the electrolyte. 

An example of volume coulometers is the water 
coulometer in which the volume of gas produced as 
the result of electrolysis of a 15 per cent solution of 
NaOH, NaCl free, between nickel electrodes is 
measured. The gases are collected and the volume 
measured at a definite temperature and pressure. 

Owing to the difficulties of collecting and accurately 
measuring large volumes of gas, this form of instru- 
ment is used only for the measurement of small 
quantities of electricity. Figure 4 shows a con- 
venient form of the apparatus having a drying tube 
sealed to it. 

IF 1 g. H 2 =c= 11.2 L H 2 8 g. 0 2 ^ 5.6 1. 0 2 =c= 

16.8 1. H 2 -f* 0 2 at 0°C. and 760 mm. Hg 

.*. 10.44 cc. gas =o= 1 amp.-min. 

10.44 -t t-r j 1 1 1 

— qq— = 0.174 cc. =c= 1 coulomb 

The water coulometer is useful in the study of 
oxidation-reduction reactions. When connected in 
series with the electrolytic cell, a direct comparison 
may be made of the gases liberated in the oxidation- 
reduction cell and in the water coulometer. Indi- 
cation is thus obtained of the current consumed in 

the oxidation-reduction reaction and that used in the ^ lu * Water cou- 
r , j , lometor. 

formation of hydrogen and oxygen. 

Washburn and Bates 12 proposed the iodine form of titration coulometer 
and stated that it was accurate with c.d. up to 0.5 amp. per dm. 2 A plati- 
num or a platinum-iridium electrode is set at the bottom of each limb of an 
H-shaped vessel. The anolyte, i.c., the electrolyte around the anode, is 
concentrated potassium iodide solution; the catholyte is a solution of iodine 
in KI, with 10 per cent KI solution filling the rest of the; vessel. As the 
result of electrolysis, iodine is liberated at the anode, dissolves in the potas- 
sium iodide, and is quantitatively determined with a standard sodium 
thiosulphate solution. 

12 J. Am. Ckcrn. Soc ., 34, 1341, 1515 (1912). 
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For less accurate work, the silver titration coulometer may be used. 
This type is accurate to within 0.1 per cent if the period of electrolysis be 
not more than 1 hr. and the current strength not over 0.2 amp. The 
instrument consists of a tube 20 to 30 cm. long and 20 mm. in diameter, 
provided with a stopcock at the bottom. Into this casing and extending 
almost its entire length is inserted a small glass tube filled with mercury. 
A silver anode is sealed into the lower end, electrical connection being made 
through the mercury. The outer tube is filled to about two-thirds its 
length with a 10 per cent solution of KN0 3 , the remainder of the tube con- 
taining a 7 per cent solution of Cu(N0 3 )2 to which is added one- fifth of its 
volume of the KN0 3 solution. The cathode, a semicylindrical piece of 
platinum, dips into the upper solution. During electrolysis, one equivalent 
of silver per faraday dissolves from the anode. At the conclusion the solu- 
tion is run off and the dissolved silver titrated by Volhard's method. 

The Wright coulometer has been found satisfactory for rapid and exact 
measurement of electricity in industrial work. It consists of a glass vessel 
with a circular channel containing a mercury anode, the mercury being kept 
at a constant level by means of a connecting reservoir. A glass partition 
prevents the mercury from dropping into the lower part of the apparatus. 
The cathode of carbon is located immediately below the anode. The 
electrolyte used is a solution of potassium mercuric iodide. During elec- 
trolysis, drops of mercury are produced on the cathode. They do not 
adhere but fall into a tube below to which a scale is attached, ho that 
the volume of mercury may be read directly in ampere-hours. When the 
mercury rises to a point above the scale, the apparatus is inverted and the 
mercury allowed to flow back into the reservoir. The instrument is reliable 
within 1 per cent. 
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ELECTROLYTIC DISSOCIATION AND CONDUCTANCE 

In 1885 van’t Hoff showed that for nonelectrolytes in solution 
the osmotic pressure is the same as its pressure would be if the 
dissolved substance were changed to a gas without decomposition 
and contained in the same volume as that occupied by the solu- 
tion. In dilute solutions the gas law equation PV = nRT 
applies to osmotic pressure. 1 For electrolytes, the calculation of 
P gives abnormal values, necessitating a correction factor and 
changing the expression to PV = inRT , where i, termed the 
van’t Hoff factor, is always greater than unity and represents 
the deviation or abnormality. 

Closely related to the osmotic pressure in solutions is the 
depression of the freezing point of a solvent produced by the 
presence of a solute. For nonelectrolytes such as sugar, alcohol, 
and urea the extent of this lowering is given by the expression 2 

A = K n 

The value becomes 1.858° for every formula weight of solute 
present in 1,000 g. of water. Electrolytes, however, always give 
values which exceed 1.858, in some cases being two or more 
times this value. 

Arrhenius’ Theory of Dissociation. — In order to explain the 
behavior of electrolytes as far as the production of abnormal 
osmotic pressures and increased freezing-point depressions are 
concerned, Arrhenius in 1887 formulated a theory of electrolytic 
dissociation. It was assumed that the molecules of electrolytes 
break up into positively and negatively electrified particles or 

1 P is the osmotic pressure, V the volume of the solution, n the number of 
mols in the solution, R the gas constant, and T the absolute temperature. 
R = 0.0821 liter atmosphere per deg., or 1.985 cal. per deg. 

2 A is the lowering of the freezing point, K is a constant, and n is the num- 
ber of formula weights of solute present in N formula weights of solvent. 
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ions when dissolved in water. The abnormal osmotic effects 
produced by electrolysis may then be accounted for by the 
increase in the number of particles of solute present in a solution. 
The theory does not assume that all the molecules in solution 
are dissociated. If we represent the degree of dissociation of the 
fraction of each formula weight dissociated into ions by a and the 
number of ions into which each molecule dissociates by n, then 

i = (1 — a) T na 
= 1 (n — 1 )a 

whence 


a = 1 

n — 1 

By means of this equation, the degree of dissociation of an elec- 
trolyte may be calculated from osmotic pressure or freezing-point 
determinations. 

Arrhenius' theory assumes that dissociation results in the 
formation of equivalent quantities of cations and anions, a con- 
clusion resulting from the fact that solutions of electrolytes are 
always electrically neutral. The magnitude of the electrical 
charges carried by these ions may be calculated. We have, 
previously seen that the passage of one faraday of electricity 
through a solution of an electrolyte liberates one gram equivalent 
of each ion or ions at each electrode. It follows that one grain 
equivalent of an anion is associated with 96,500 coulomb* of 
negative electricity, and one gram equivalent of a cation with the 
same quantity of positive electricity. Accordingly, the (plant ity 
of electricity carried by any gram ion is nF, where n is the valence* 
of the ion. One gram ion contains Avogadro’s number of ions, 
which is 6.06 X 10 23 . A single ion, therefore, must carry tin* 
charge equivalent to the amount carried by the gram ion divided 
by the number of ions present., or a simple multiple n of this 
quantity if the ion have a valence of more than 1 . This ultimate 
quantity of negative electricity is called the “electron.” It cal- 
culates to 

96,500 , tn 

= 1-59 X 1 0 10 coulomb 

I be chemical and electrical change's taking place during elec- 
trolysis may be expressed by elect roehcmical equations in which 
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each faraday of positive electricity is indicated by a plus sign 
(+- or 0), and the corresponding amount of negative electricity 
by a minus sign (— or ©). For example, the electrolysis of 
CUSO4 in aqueous solution may be indicated 


CuS 0 4 ^ 

Cu++ + © = 

Cu + + © = Cu 
SO 4 = S 0 4 + 2© 


at the cathode 


S0 4 + H 2 0 = H 2 S0 4 4 0 2 

H 2 SO 4 = 2H + + S0 4 — at the anode 

or, summing up, 

H 2 0 = 2H+ + M Oi 0 


Solutions of electrolytes in solvents other than water conduct 
the electric current. It may be inferred that electrolytic dissocia- 
tion takes place in these solvents. Substances which show con- 
duction of the electric current in nonaqueous solutions are not 
necessarily dissociated in water. This solvent, however, is more 
effective in bringing about dissociation than most all others. 
Molten salts exhibit the same phenomena as solutions of elec- 
trolytes. It m^y therefore be concluded that ions are present in 
this type of electrolytic conductor. 3 In this portion of the 
subject, however, the theory has hardly advanced beyond the 
qualitative stage. 

There is a rough proportionality existing between the dielec- 
tric constant of solvents and their dissociating power. Solvents 
with high dielectric constants, like water, possess a high dis- 
sociating power, while those of low dielectric constants dissociate 
dissolved material to a less degree. This follows from the fact 
that the attraction of electric charges for each other is inversely 
proportional to the dielectric constant of the surrounding medium. 

Arrhenius’ theory has survived almost half a century of experi- 
mental investigation and criticism, during which period it has 
contributed markedly to the progress of chemistry and physics. 
It has now, however, passed the stage of its triumphs and is faced 
by the problem of its difficulties and defects, some of which will 
be discussed later. It is generally agreed that the theory requires 
modification, although no case has yet been made out for its 

3 Lorenz, Z. physik. Chem ., 70, 230 (1910); 79, 63 (1912); Meyer and 
Heck, Z. Elektrochem., 28, 21 (1922); Z. physik. Chem 100, 316 (1922). 
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abandonment. 4 Accordingly, in this book we shall adhere to the 
fundamental assumptions of the theory. In a later section the 
newer modifications of electrolytic dissociation will be discussed. 
Arrhenius proposed incomplete breaking up of the molecules into 
ions. The new theories are dependent upon the assumption that 
electrolytes are completely ionized and that the deviations from 
laws of perfect solutes are due to the electrostatic actions sur- 
rounding the ions and the interionic forces arising from the 
charges on the ions. 

Ionic Mobility. — While Faraday’s law indicates that the elec- 
tric current is carried by the migration of ions, it states nothing 
about their relative or absolute velocity of movement. Hittorf 5 
has shown that the relative ionic velocity can be determined from 
the concentration changes that take place at the electrodes. 
Let us suppose we have an electrolytic cell containing a solution of 
HC1, so that we have 30 gram atoms of hydrogen ions and an 
equal number of chlorine ions. Let the cell be divided into three 
equal parts by two porous diaphragms placed between the elec- 
trodes, the diaphragms serving merely to prevent mechanical 
mixing without interference with the passage of the current. If 
we allow 6 faradays of electricity to pass through the cell, six 
equivalents of hydrogen will be deposited on the cathode and 
six of chlorine at the anode. If the hydrogen and chlorine ions 
move at the same rate and if nothing take place at the anode or 
cathode beyond the mere discharge of ions, the concentration 
changes produced at the electrodes will be identical. On the 
contrary, suppose that the oppositely charged ions move at 
different rates. If the current were carried entirely by positive 
ions, during the time the six equivalents were deposited on the 
electrodes, six equivalents of positive ions would pass every 
section of the cell. 

The concentration of HC1 in the cathode compartment would 
remain unchanged, since all six positive ions liberated wore 
replaced by migration of six others and no negative ions were lost. 
At the anode, however, deposition caused the loss of six negative 
ions and migration the loss of six positive ones, so that the con- 
centration of the solution in this area was diminished by six 
equivalents of HC1. 

4 Kendall, J. Am. Chem. Soc 44 , 737 ( 1922 ). 

6 Poag. Ann., 89 , 98 , 103 , 106 , ( 1853 - 1859 ). 
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If, as is actually the case, the hydrogen ions move five times as 
rapidly as the chlorine ions, then five equivalents of hydrogen will 
cross each section of the cell toward the right, while one of 
chlorine passes to the left. In the cathode compartment six 
equivalents of hydrogen are deposited but only five migrate in. 
One equivalent of chlorine is lost by migration, and the cathode 
compartment therefore loses one equivalent of HC1. In a similar 
manner it can be shown that the anode loses five equivalents. 
The following relations then hold: 

Velocity of cation _ U c _ loss in equivalents at anode 
Velocity of anion U a ~ loss in equivalents at cathode 

_ equivalents of cation transferred to cathode 
equivalents of anion transferred to anode 

From this it follows by proportion that 

U c _ equivalents of cation transferred to cathode 
U c + U a total equivalents of ions transferred in both directions 

This fraction is called the “transference number ” or “transport 
ratio 7 ' of the cation n c , and U a /{U a + U c ) = n a is the transfer- 
ence number of the anion. Evidently n c ■+■ n a = 1; i.e ., the sum 
of the equivalents of positive and negative ions that cross any 
section of the electrolyte when 1 faraday passes equals unity. 
The same considerations apply to polyvalent ions. 

The transference number of an ion in a given electrolyte thus 
represents the fraction of the total current carried by that species 
of ion during electrolysis. The ratios of the transference num- 
bers of the anions and cations are equal under the given con- 
ditions to the rat io of their respective mobilities. 

By the employment of suitable apparatus and the observing of 
precautions to minimize the disturbing effects of diffusion and 
mixing, it is possible to measure the extent of concentration 
changes which occur in the neighborhood of one of the electrodes 
during electrolysis. If the total current of electricity passed 
through the cell be measured by a coulometer, the transference 
numbers of the ions in the electrolyte can be determined. 6 

6 For the exact methods of determining transference numbers and a 
description of the apparatus, with discussions of their accuracy and the 
necessary precautions to be taken, the reader is referred to the standard 
works on physical chemistry and physicochemical measurements. 
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Transference numbers seldom have any direct bearing on elec- 
trochemical processes in practice. Concentration changes may 
result near the electrodes, partly due to unequal rates of migration 
if electrolysis take place in a solution not in motion. Such 
concentration differences are undesirable in that they increase the 
voltage required by the cell and may lead to the production of 
impure products at the electrodes. Concentration changes are 
thus as far as possible destroyed by continuous circulation of the 
electrolyte or mechanical mixing. Hence calculations involving 
transference numbers usually do not find industrial application. 

Conductance. — In any industrial cell in which electrolysis is 
taking place, it is obvious that there are ohmic resistances in 
various portions of the system which cause loss of energy and the 
liberation of heat. At contacts, connections, and joints there will 
be contact drops whose importance becomes large or small 
depending upon the care given to them. Obviously the electro- 
lyte is a conductor in the system, not perfect in nature, and shows 
ohmic resistance. The electrolyte, however, differs from metallic 
conductors in that the passage of current through the electrolyte 
causes chemical effects at the electrodes which are the contact 
points or areas in the circuit. 

For a conductor of uniform cross section throughout its length, 
the resistance is a direct function of the length and an inverse 
function of the cross section represented by the equation 7 


If l be 1 cm. and a 1 cm. 2 , the resulting value of resistance 
expressed in ohms per centimeter cube is the specific resistance r. 
From the expression above, 

alt 

r = — 

In the English system, l would be 1 in. and a 1 sq. in., and tin*, 
specific resistance would be ohms per inch cube. 

Conductivity is the reciprocal of resistance, and specific 
conductivity k bears the same relation to specific resistance and 

7 1 is the length, a the cross-section area, r the specific resistance, and Ii 
the total resistance. 
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equals l/Ra. Inasmuch as from' Ohm's law E = IR , where E 
is electromotive force or voltage, I is the current, and R is the 
resistance, and R — E /I and 1/R — I /E, the specific conduc- 
tivity k equals 11/ E a and is equal to the current flowing across 
the centimeter cube of the electrolyte at a potential of one volt. 

The conductivity of a solution depends upon the electrolyte 
and its nature, the solvent, the concentration, and the tempera- 
ture. Specific conductivity increases with concentration to a 
maximum, after which the specific conductivity decreases. The 
specific conductivity-temperature relation is almost linear, follow- 
ing the expression 

* = - 18)] 

where b has values of 0.02 to 0.025 for salts and bases and 0.01 to 
0.016 for acids. According to Noyes, 8 the relation is good 
over a temperature range including those considerably above 
100°C. Little attention shall be devoted in this book to the 
experimental methods for determining specific conductivity of 
electrolytes, inasmuch as the matter is treated in considerable 
detail in the textbooks of practical physical chemistry. 

The factor “equivalent conductivity” is of somewhat wider use 
in the study of the question of electrolytes than is specific con- 
ductivity. The symbol for equivalent conductivity is A and is 
defined by the relation 

A — kv 

where k is the specific conductivity of the solution and v the 
volume of the solution containing one gram equivalent of the 
solute. Apparently volume is the important factor in the deter- 
mination of equivalent conductivity, since A is directly propor- 
tional to v. Furthermore, the specific conductivity k decreases 
with increased volume except, in very strong solutions. Actually, 
the work of Kohlrausch and others has shown that the equivalent 
conductivity increases with the dilution of the electrolyte. At 
first the change in value is rapid, gradually diminishing until, 
at sufficiently high dilutions, a maximum which is practically 
constant is reached. Solutions may become too dilute for the 
measurement of this limiting value. This maximum which A 

8 Carnegie Repts., 63, 340 (1907); cf. Walden mid Ulich, Z. phyttik. 
Chem ., 106, 49 (1923). 
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approaches is called the ‘‘equivalent conductivity’’ at infinite 
dilution, and carries the symbol A w . 

Kohlrausch, in his studies of various electrolytes, showed that 
the equivalent conductivities at infinite dilution may be con- 
sidered as of two parts. One of these is characteristic of the 
anion, the other of the cation. Hence the value may he expressed 
by 

A — l a 4~ lc 

where l a and l c are quantities governed by the types of anions and 
cations, respectively, termed the equivalent ionic conductivities 
of the ions under study. 

When a sufficiently large e.m.f. is applied to two electrodes 
immersed in a solution of an electrolyte, all the ions present start 
to move. This movement of ions constitutes the flow of elec- 
tricity through the electrolytic conductor. When the source of 
the e.mi. is an electrical machine, electrons flow from its negative 
side along a connecting wire to the cathode. The electrons are 
acquired by the positive ions which thus become neutral atoms at 
the cathode. Simultaneously, the, negative ions are discharged 
by their loss of an electron at the anode. These electrons then 
return along the conducting wire to the positive side of the 
electrical machine. This exchange of electrons constitutes an 
electrochemical reaction. For example, if a solution of AgN0 3 
be electrolyzed between silver electrodes, the silver ions each 
take up an electron from the cathode, depositing on this electrode 
as neutral atoms: 


Ag+ + © = Ag 

At the anode silver enters the solution as ions. The reactions 
occurring at the anode may be expressed as follows: 


= NO s H- © 

Ag + NO, - Ag+ 4 - NO 3 “ 
or 

Ag = Ag+ 4- © 

Each neutral silver atom of the anode loses an electron, entering 
the solution with a single positive charge as an ion. Through this 
electrolysis, therefore, one gram ion of silver is discharged at the 
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cathode and an equivalent quantity of this ion is formed at 
the anode for every faraday of electricity passing through the 
solution. 

Suppose a cell be constructed which is a cube 1 cm. in every 
dimension. Two opposite faces of the cube are made of platinum 
to act as electrodes, the bottom and two other faces being of 
glass. If a potential of one volt be applied, the current which 
flows will be a function of the specific conductivity of the electro- 
lyte. Suppose a simple salt, BA, which gives the ions B + and 
A~ , be in a solution containing one gram mol of BA in v ec., then 
a = per cent dissociation of BA at concentration 1 gram mol in 
v cc. Let F = 96,500 coulombs, u a — velocity of the anion in cen- 
timeters per second under 1 volt per cm., u c — velocity of the 
cation in centimeters per second under 1 volt per cm. Let 
k = specific conductivity, A = equivalent conductivity, and 
A = kv, then the anions per centimeter cube = cations per 
centimeter cube = a/v gram equivalents. The charge on the 
anions = the charge on the cations = F(a/v). Energy carried 
by the anions per second equals 

■Fa. 

and for the cations 

Fa 

7 

V 

the sum of which is 

Fa 

(U a 4- Uc) = K 

Since A — kv, 

A = F a(u a ■+ u r ) 

A varies thus with a, the ionization, and with u a and u c which are 
the ionic velocities. With dilution a approaches unity as a 
limit so that at infinite? dilution 

Aco = F('Ua x -f UcJ 

If the assumption bo made that ionic velocities or mobilities are 
not dependent on concentration, then 

A M = F (u a + u ( ) 
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and the relation between equivalent conductivity at finite 
dilution v and at infinite dilution becomes 

Oi{u a •+ U c ) _ 

” F '(ua 4 - U e ) 

Equivalent conductivities are given in Table III for a number 
of inorganic acids, bases, and salts, including examples of those 
which are often referred to by the chemist as weak, moderately 
strong, and strong electrolytes. Where lower values are not 
given, the values for the concentrations of O.OOIJV’ are in many 
cases equal to, or approximately the same as, the conductivity 
at infinite dilution, viz,, A M) so that a values or percentages of 
ionization may be calculated from the table. When conductivity 
values in the table in terms of reciprocal ohms or mhos are given 
for concentrations lower than O.OOliV", e.g., O.QOOliV, these 
values may be taken as the approximate conductivity at infinite 
dilution or for that particular solute. 

The resistance of electrolytes at various concentrations may 
also be calculated from the figures given in the tables from the 
relationship between conductivity at finite dilution A,,, the 
specific conductivity k, and the volume v containing one gram 
equivalent of the solute, in that 

A„ = kV 

and 

1 

K = ” 

r 

where r is specific resistance. Thus 


and 


v — 


V_ 

A v 


It is obvious that the normalities can be converted into V or 
volumes containing one gram equivalent. If the normalities 
are multiplied by 10 3 , concentrations C in milliequivalents per 
liter may be substituted in the expression 

_ 10 ,; k 

" ~ ' C“ 


A 
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and these results employed for the calculation of specific con- 
ductivities and resistances. 

The values in Table III have been taken from the more exten- 
sive tables of Washburn and Klemenc and Parker and Klemenc 
in Vol. VI of the “International Critical Tables” of the National 
Research Council and published by the McGraw-Hill Book 
Company, Inc., by permission. In the table, unless otherwise 
stated, the values are at 18°C., so that calculations based upon 
the figures given in this table must take this temperature into 
account. 

Mass Action and Dilution Law. — According to the Arrhenius 
theory, an electrolyte should contain undissociated molecules 
and ions existing together in equilibrium. If the equilibrium be 
represented as 


rrM -f- yA 

the application of the law of mass action should give 


where K is a constant at constant temperature. The active 
mass of a constituent may be regarded as its concentration in 
gram molecules per unit volume of solution. In a simple elec- 
trolyte such as MA, if the concentration of the original salt be 
one gram molecule in v 1. of solution and the degree of dissocia- 
tion be a, then the concentrations of MA, M + , and A" will be 
(1 — a) /v and a/v for each of the metal and acid ions. Applying 
the law of mass action, the expression becomes 

V = K 
~ a)v 

The relation given in this expression is known as the Ostwald 
dilution law. This law holds accurately over a wide range of 
concentration for weak elect rolyt es but is quite inapplicable for 
strong elect rolytes. 

At extreme dilutions, however, the dilution law may be applied 
to any electrolyte. It is of considerable ust‘ in the case of the 



III. — Equivalent Conductivities of Salts, Acids, and Bases 
(Mhos) 
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57*7{ 5o!5j 44^2 



MnPO*.. 
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Ba(0H)2 .. 219. 217. 207. 179.7 (36,49) 

Ca(0H)a 125 220 (47) 

KOH I 234 . 228 . 213 . 207. 197. 184. 160.2 140.4 122. 105.6 90.6 77.1 39.6 (36,37,55) 

LiOH 1 .. 180.5 172.2 156.9 139. 113.3 94.4 78.7 65.3 (8,16,19) 

XaOH ' 208.4 195.3 189.0 175.5 158.4 129.4 104.2 86.7 68.9 54.2 43 . 20.5 4.4(19#) (36,37,55,56,57,58) 
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solubility of sparingly soluble salts. Thus in the ease of AgCl 
wc have the equilibria 

AgCU d AgCl dissolved 

AgCl ( Hss 0l vcd ^ Ag+ + Al- 

Inasmuch as the salt is only very slightly soluble, its concen- 
tration must therefore be very small, or its dilution may be 
considered to have reached that point at which 100 per cent ion- 
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ization of the salt occurs. It therefore follows that in the mass 
action equation the concentration of the un-ionized AgCl is 
negligible in the solution and the term may be dropped from the 
equation. Thus we can deduce the relations 


(AgCld: 


( AgOlsolid) 


d) _ 


fti 


(AgCl* 


d) 


= ft. 


The concentration of solid AgCl not dissolved is so large in 
comparison with the dissolved AgCl that it may be considered as 
a constant 

(AgCboiid) — h% 

It follows, then, that the product of the concentration of the 
silver ions times the concentration of the chloride ions is a 
constant 

(Ag+)(C1-) = hik 2 ks = K 

which is designated as the solubility product of silver chloride. 
The addition of silver ions to the solution, say from a soluble 
silver salt, will increase the concentration of the silver ions and, 
for the equilibrium to be maintained, necessarily decrease the 
concentration of the chloride ions which will be removed by 
reacting with silver ions to form un-ionized silver chloride. 
Inasmuch as the solution is already saturated in respect to 
silver chloride, it follows that any increase in concentration of 
the silver chloride will cause precipitation of this material until 
equilibrium values are restored. In a similar* manner, the 
addition of an ion common to two salts, introduced through the 
medium of a second salt such as a chloride not containing silver, 
will tend to upset the equilibrium and cause precipitation of 
silver chloride unless the solubility of the silver chloride under 
the new set of conditions is also changed. 

It is obvious that in solutions containing two or more salts, 
the conductivity of the solution will be affected by the equi- 
libria sot up by the ions and their concentrations, their 
interreact ion, their solubilities, and the formation of different 
imdissooiated salts. Tin; conductivity will be a summation 



44 


THEORETICAL ELECT ROCHE MI XT R Y 


of the ionic conductivities and their concentrations as they exist 
in the solution at the equilibrium point. 

Newer Theories of Dissociation. — Arrhenius’ theory was 
developed to account for and correlate three common properties 
of acids, bases, and salts, viz.: 

1. The neat and practically instantaneous exchange of radicals 
as compared with the slow reactions of organic chemistry. 

2. The increase in equivalent conductivity with dilution to a 
finite limit set by the mobilities of the ions. 

3. Van’t Hoff’s observation that the osmotic properties of this 
class of substances always exceeded that predicted by his gas law 
equation PF = nRT, which he had demonstrated was valid for 
nonelectrolytes in dilute solution. 

Although in the period 1805 to 1860 Clausius and Grotthus had 
proposed that electrolytes must be dissociated to a minute extent 
at the moment of double decomposition in order to account for 
property 1 and the phenomenon of conduction, it remained for 
Arrhenius to correlate the experiments of Kohlrausch and van’t 
Hoff and to propose a method for determining the degree of 
dissociation, whereby he could demonstrate that a very consider- 
able dissociation prevailed in aqueous solutions of salts at ordi- 
nary concentrations. Arrhenius was severely criticized at first 
for his view that KC1 was about 86 per cent dissociated in 0.1 
M solution, instead of minutely as Clausius had suggested. The 
net results of recent research have shown that the behavior of the 
typical strong electrolytes in solvents of high dielectric constant 
is best explained upon the assumption of complete, or at. least 
practically complete, ionization. 

In the newer theories the electric charges upon the ions are 
assumed to set up electrostatic field.s which do not allow the ions 
to behave independently as demanded by the gas laws. The 
effects of these interionic attractions were entirely neglected in 
the development of the classical theory, whereas according to 
the modern point of view, the anomaly of strong electrolytes is 
to be attributed entirely to these interionie attract ions. 

Ever since the idea was proposed by Van Laar,° by Suther- 
land, 10 and by Bjerrum 11 that the electric fields of the ions must bo 

9 Z. anorg. Chem., 139 , 108 (1924). 

10 Phil. Mag. (6), 3, 161 (1902); 7, 1 (1906). 

11 Proc. Seventh Interna. Congr. of Applied Chem. (London), Sec. X (1909); 
Z. physik. Chem. 24 , 321 (1918). 
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taken into account in the study of strong electrolytes, many 
attempts have been made to calculate the magnitude of these 
effects from purely theoretical considerations. Milner 12 was the 
first to succeed. No theoretical objection can be raised to his 
methods, but they became so complicated mathematically that 
he was restricted to univalent salts. Even in this simple case he 
was forced to employ graphical approximations. 

Debye and Huckel 13 developed a theory which is more simple 
mathematically than Milner’s. The fundamental idea under- 
lying the calculations of all three workers is that, owing to 
electrical attractions, an ion of a given sign will on the average be 
surrounded by more ions of unlike sign than by ions of like sign. 
When such a solution is diluted to a very large volume, the ions 
become separated to such an extent that their mutual electro- 
static attractions are no longer of significance. A uniform ran- 
dom distribution then prevails, or in other words, the gas laws are 
valid . 14 If we can calculate the excess electrical work which is 
involved in this isothermal dilution due to the rearrangement of 
the relative position of the ions, we can then calculate the extent 
of the deviation from the gas laws in terms of the activity coeffi- 
cient of the ions, or the osmotic deviation of the solvent by any 
of the familiar thermodynamic methods. 

12 Phil. Mag . (6), 25 , 742 (1913). 

13 Physik. Z. } 24 , 185, 344 (1923); Ergeb. exakt. Naturw ., 3 , 199 (1925); 
Physik. Z ., 26 , 97 (1924). 

14 Debye, Trans. Am. Electrochem. Soc., 51 , 499 (1927); LaMer, ibid., 
51 , 507 (1927); Harned, ibid., 51 , 571 (1927); Dole, “Principles of Experi- 
mental and Theoretical Electrochemistry, ” McGraw-Hill Book Company, 
Inc., New York, 1935. 



CHAPTER IT 

ELECTROMOTIVE FORCE AND ENERGY RELATIONS 

So far only the quantitative factor of electrical energy has 
been considered. In this chapter the intensity factor or differ- 
ence of potential, often referred to as electromotive force (c.m.f.) 
or voltage, will be discussed. It is of particular interest to study 
the differences of potential produced by voltaic or galvanic cells, 
which may be defined as any arrangement by which the energy of 
chemical reactions or of certain physical processes, such as diffu- 
sion, is converted into electrical energy. 

If a chemical reaction be written in its complete form or in the 
thermodynamic manner, energy changes resulting from the 
chemical reaction are written as a portion of the equation. 
Commonly the energy values are in thermal units and may be 
put on a gram-equivalent or gram-molar basis. For example, 

2B + A z± B 2 A ± Q cal. 
or in terms of equivalents, 


or Q/2 cal. per gram equivalent of B., A ) or B»A. 

For a particular constituent, the reaction may be set up to 
consume or produce one gram equivalent, which, in an electro- 
chemical manner at 100 per cent current efficiency, would lx; 
produced by a faraday or 96,500 coulombs. The thermal unit 
includes both the quantity and potential factors, while the 
faraday is only the quantity factor and, when multiplied by the 
intensity factor or voltage, will be equal to the thermal energy. 

If, therefore, the thermal energy per gram equivalent be con- 
verted into electrical energy in joules, then 


1 cal. = 4.183 joules, 


1 joule = 0.2387 g. cal. 
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then 


eal. X 4.183 = 2.092Q joules per gram equivalent 

The electrical energy divided by the faraday in coulombs will 
result in a quotient of joules or watts per second divided by 
coulombs or amperes per second, both figures being in terms of a 
gram equivalent, as 

2.092Q joules _ watt-seconds _ ^ 

F(96,500 coulombs) ~ ampere-seconds ~ 

The quotient, in volts, will be an approximation for the theo- 
retical decomposition potential of the reaction under the thermo- 
dynamic conditions for which it was written. 

From the large collection of thermochemical data, heats of 
formation of compounds, heats of reaction, heats of dilution, as 
well as other thermal values, applications may be made of energy 
values to electrochemical systems and reactions. It is obvious 
that the quantity of heat necessary to balance a reaction ther- 
mally will not be entirely available as electrical energy. Some of 
the heat will be lost under the conditions of operation and not be 
entirely converted into electrical energy, while some of the 
electrical energy produced may be degraded into heat not only in 
the electrochemical cell but through resistances in the external 
circuit, contact drops, film resistances, as well as other factors. 
It can be readily seen that, in the application of electrical energy 
to reverse an exothermic reaction, the mechanism employed will 
necessarily be an imperfect one and the voltage applied to the 
circuit will be higher than the theoretical decomposition voltage. 
Conversely, if the chemical reactions be caused to produce 
electrical energy, the voltage calculated from the reaction will be 
the maximum possible. 

Primary cells are electrochemical machines for the conversion 
of chemical energy into electrical work. The reactions in the 
Daniell cell (consisting of zinc in its metallic form immersed in 
an aqueous solution of Z11SO4, which in turn is divided from an 
aqueous solution of CuS() 4 by a porous membrane, into which 
C11SO4 solution a metallic copper electrode dips) produce some 
form of energy which can be completely controlled and directly 
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utilized for any desired purpose. When the circuit in the 
Daniell cell or “battery” is completed by connecting the zinc 
and copper electrodes to a conductor, current flows from the 
copper to the zinc. Zinc metal passes into solution as zinc ion. 
From the chemical viewpoint, the zinc is oxidized in that its 
valence changes from zero to a higher value. Copper, in solution 
as copper ion, is reduced to metallic copper and deposited on the 
copper electrode. Inasmuch as the coll produces electrical 
energy, this must result from the condensed reaction 

Zn + Cu ++ = Zn ++ -+■ Cu 

When a CuS0 4 solution and metallic zinc are brought together, 
the resulting chemical reaction is accompanied by the evolution 
of heat. If this reaction were carried out in a calorimeter start- 
ing and ending at the same temperature, and the heat liberated 
were measured, the total heat evolved would be equal to the 
decrease of total energy of the system. This value will be demoted 
by U . The difference between the heats of formation of ZnS0 4 
and CuS0 4 solutions for the concentrations of CuS0 4 *100H 2 0 
and ZnSO 4 T 00 H 2 O is 50,110 cal. per gram molecule at 0°C. 

Chemical and Electrical Energy. — If an external voltage be 
applied to the Daniell cell, the reaction can be reversed or made 
to go from right to left. It can be seen then, that when the 
reaction is proceeding from left to right, current will be needed in 
order to reverse the reaction. 

Suppose the cell be operated isothermally or at constant 
temperature, until one gram equivalent of zinc has been con- 
verted from the metallic to the ionic state and one gram equiva- 
lent of copper reduced from the ionic to the metal state. Let E 
be the voltage produced by the cell and EF will he the energy 
liberated and converted into heat. Then an external voltage is 
applied to the cell with a voltage correction for the cell resistance, 
and current is fed to the cell until there is a complete reversal, 
the deposited copper being converted to ionic form and 1 Iks 
ionic zinc converted to metallic form to the extent of one gram 
equivalent in each case. If the net voltage be E i, resulting 
from the difference between the applied voltage and that small 
amount necessary to overcome the resistance of the cell, the 
energy fed to the cell will be EJE, and E x will be greater than E. 



ELECTROMOTIVE FORCE AND ENERGY RELATIONS 49 


The cell has been restored to its original condition by a reversible 
process, and {Ex — E)F joules have been dissipated as heat. 

A large number of studies on primary cells have shown that the 
terminal voltage is a function of the current drawn from the cell. 
With infinitely small currents, the voltage will reach its maximum 
or open-circuit value. Conversely, the voltage will reach its 
minimum when the current output is the largest possible. Bide 
reactions, film resistances, generally grouped under the term 
u polarization ” will affect the cell output. The greater the cur- 
rent forced into the cell, the higher the necessary voltage which 
must be applied across the terminals. With an infinitely small 
current, the minimum value of applied voltage approaches the 
e.m.f. of the cell as a limit. 

The maximum amount of electrical energy can be obtained 
only from a cell working isothermally if the operation proceed 
reversibly. This follows from the second law of thermodynamics 
which states that in any isothermal process the maximum amount 
of external work is obtained when the process is conducted 
reversibly. 

In a reversible process involving the conversion of energy, we 
may write 

U = A - Q 

where Q is the heat absorbed by the system 1 and A represents 
the external work done by the system when its total energy 
decreases by U. In the conversion of chemical to electrical 
energy, this electrical energy will have a maximum value equal to 
A . In electrical units A — nFE, where n is the number of equiv- 
alents involved. If it be assumed that Q is negligible, then 

U = nFE 

and 

jy 

nF . 

which gives us a method of determining the e.m.f. of a cell from 
thermochomical data, or the theoretical decomposition voltage of 
a compound. 

1 Following the custom of thermodynamics, lieat clevoloped by a reaction 
is taken as negative. 
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Gibbs-Helmholtz Equation. — The rotation between electrical 
energy of a system and the heat of reaction is given by tin* Gibbs- 
Helmholtz equation 


A - 



in which T is the absolute temperature*. In a system in which a 
chemical reaction takes place*, the amount of external work is 
small. A approaches zero as a limit, and we may write* 

U = —Q 


By substitution in the Gibbs-Helmholtz equation for A and 
U, we obtain 


nFE 


m nFdE 

dT 


whence 


" ~~nF^ clT 

If E be expressed in volts and Q in calorics, then 

= ~A9. + 7 

nF ^ dT 


where J — 4.182 is the electrical equivalent of heat. It will he 
observed that, when dE/d.T is positive, thee. in. f. of a reversible 
voltaic cell increases with rise* in temperature; when zero, the 
electrical energy is equal to the chemical energy. 

The Gibbs-Helmholtz equation has been checked quantita- 
tively by a number of workers. 2 From the results obtained 
it has been shown that heats of reaction may be determined by 
e.m.f. measurements. The equation also allows the determina- 
tion of the theoretical voltage of a cell for tin* calculation of the 
theoretical energy and energy efficiency. 

Electrolytic Solution Pressure. — Analogous to vapor pressure 
of a liquid or solid, Nornst.® assumed the existence of a definite 
tendency toward the passage from the atomic to the ionic state 

2 Jahn, Wied. Ann ., 60, 189 (1893j; Buoarkzky, Z. <inonj. (' turn 14, 
145 (1897); Cohen, Chattaway, and Tombrok, Z. phi/nik. Clx tn.. 60, 706 
(1907). 

3 Z. physik. Chem ., 4, 150 (1889). 
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which he designated as electrolytic solution pressure p. In 
general, the values decrease in the same order as the increase of 
the electropositive character of the metal. The nonmetals are 
also assumed to have electrolytic solution pressures, the order 
in the case of the halogens and sulphur being fluorine, chlorine, 
bromine, iodine, and sulphur. 4 

' Electrode Potentials. — In the Daniell cell the zinc in ZnSO* 
is negatively charged with respect to the CuS0 4 . The potential 
difference between the two solutions, ZnS0 4 and CuS0 4 , in the 
cell is negligible. It follows, therefore, that the copper is at a 
positive potential in respect to zinc. The difference of potential 
between the electrode and the solution around it is termed the 
“single electrode potential . ” The e.m.f. of the cell is given by 
the potential difference between the copper and zinc strips with 
open external circuit. It is therefore equal to the difference of 
the single electrode potentials. Then 

E = — e 2 

4 In accordance with Nernst’s assumption, if a bar of metal such as zinc 
be placed in water, each of the zinc atoms gives up two electrons to the bar 
of metal and passes into the water as positively charged zinc ion. An electric 
double layer is thus formed at the junction of the metal and the liquid. 
Opposing the passage of the atoms to the ionic state is the electrostatic 
attraction of the negative charges which accumulate at the metal surface. 
The establishment of equilibrium is so rapid that the amount of zinc, appear- 
ing in the form of ions cannot be detected analytically. In the case of 
copper, the number of negative charges necessary to prevent the passage 
of atoms of this metal into the ionic state is very much smaller than in the 
case of zinc, in that the electrolytic solution pressure of copper is infinitesi- 
mal. If a piece of zinc be immersed in a solution of CuS0 4 , copper ions will 
discharge and deposit as copper atoms on the zinc. The negative charges 
on the zinc will be reduced and more zinc atoms will be able to assume the 
ionic state. The amount of zinc entering solution will be equivalent to the 
amount of copper deposited. When any metal is immersed in a solution of a 
salt of another metal having a lower electrolytic solution pressure, the 
latter metal is deposited, and the former enters solution. The concept, of 
electrolytic solution pressure enables us to understand why some metals are 
displaced by others from solution, and why certain metals are dissolved by 
acids and others are not. When a piece of metal having a high electrolytic 
solution pressure is immersed in a solution containing its own ions, the 
tendency of the atoms to puss into the ionic state is opposed by the osmotic 
pressure I J of the metal ions in solution. The relative values of the osmotic 
pressure and the electrolytic solution pressure will determine whether ions 
leave or enter solution. 
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where ei and e 2 are single electrode potentials. If various cells 
be set up and their e.m.f. measured, it is readily possible to deter- 
mine the difference between the values of any two single electrode 
potentials. For a determination of their absolute values, how- 
ever, a completely satisfactory method is not available. The 
absolute values would be important in that they would indicate 
at once whether a process occurring at a given electrode involve 
an increase or decrease of free energy. For convenience, the 
normal hydrogen electrode is chosen as the standard and a single 
potential of zero assigned to it. The normal hydrogen electrode 
proposed by Nernst consists of a piece of well-platinized platinum 
attached to a conductor and immersed in a H 2 SO 4 solution con- 
taining one gram equivalent of hydrogen ion. Pure hydrogen 
is bubbled, around this electrode and adsorbed or dissolved in 
the platinum to form an electrode which is reproducible. The 
e.m.f. of this electrode against the normal calomel (i.e., HgCIHg) 
at 25°C. is —0.2822, and the absolute e.m.f. is then +0.2826. 
When the e.m.f. of cells is produced by combining hydrogen 
electrodes with other electrodes, the values obtained are termed 
single electrode potentials, in that an arbitrary value of zero is 
assigned to hydrogen. The absolute potentials are therefore 
the potentials against the hydrogen electrode .plus 0.2826. 
Gerke 5 gives the potential E of an electrochemical reaction as 
following the equation 


E = Eq 


0.05915 

N 


where N is the number of faradays in the equation of the reaction, 
A P and A R the activities of the reactants, and x and y the corre- 
sponding coefficients in the electrochemical equation. 

In order to indicate the direction of the polarity between a 
metal and a solution, the sign of the charge on the metal is placed 
before the potential difference between the two phases — the 
so-called “potential of the metal ” or the “electrode potential .” 8 

5 “International Critical Tables,” Vol. VI, p. 332, McGraw-Hill Book 
Company, Inc., New York. 

e Bancroft [Trans. Am. Electrochem. Soc. y 33, 79 (1918)] maintains this 
convention is the only one of universal application. It is the official stand- 
ard of the Bunsen Gesellschaft, The Electrochemical Society, the National 
Bureau of Standards of the U.S., and has been accepted by most Continental 
electrochemists. Lewis [J. Am. Chem. Soc., 35, 1 (1913)] suggested a con- 
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In solutions containing their own ions, noble metals (e.g., with 
electrolytic solution pressures lower than that of hydrogen) 
acquire a positive potential, whereas base metals (e.g., with 
electrolytic solution pressures greater than that of hydrogen) 
acquire a negative potential. In accordance with this convention 
the potential of a metal in contact with a solution containing its 
own ions is positive when p is less than P and negative when p is 
greater than P. 

A short arrow will sometimes be placed above a metal-solution 
junction to indicate the direction in which the positive current 
tends to flow. When the arrow points toward the metal, its 
potential is positive ; when it points away from it, its potential is 
negative. 

According to Nernst’s theory, the magnitude of a single elec- 
trode potential will be a function of the electrolytic solution 
pressure of the metal and of the osmotic pressure of the metal ions 
in the solution. For equilibrium reactions involving anodic 
oxidation of the type of a metal passing into solution and forming 
ions by the loss of electrons, or the reverse reaction at the cathode 
— i.e., the deposition of the metal and the gain of the electrons 
(valence increases represent loss of electrons, and valence 
decreases gain of these) — Nernst deduced the relation 

neF = —RT In ~ 

on the assumption that the gas laws are valid for ions of strong 
electrolytes . 7 For dilute' solutions osmotic pressure varies with 
concentration. Then P = hr, whore c in gram ions pen* liter is 
the concent ration of metal ions and k is a constant. Then 


ncF = —RT hi I- 
kc 

RT. p , RT , 
~nF Ul k + nF' hxC 


vontion of considering the potential difference of a metal-solution junction 
as positive when current tends to flow from left to right and negative as the 
reverse, considering the junction as written. 

7 Where p is the electrolytic solution pressure of metal M, P the osmotic 
pressure of the metal ions in solution, e the single electrode potential corres- 
ponding to the equilibrium, It the gas constant, and T the absolute 
t emperat tiro, 



54 


THEORETICAL ELECTROCHEMISTRY 


For a given pure metal the term - ( RT/nF ) In ip/k) is a constant 
at a given temperature and may be written e 0 or the normal 
electrode potential of the equilibrium in question. At 25° 
T = 298, R = 8.32 joules, and after converting natural to 
Briggs's logarithms the electrode potential for the cation is 

, 0.059, 

e = e 0 H — log c 


and for the anion 


e = e 0 — 


0.059 

n 


log c 


In a normal solution c is unity, e = eo. We then have a definition 
of electrode potential as the potential difference between the 
electrode material and a normal solution (one gram ion per liter) 
of the ion in the equilibrium. 

A table of electrode potentials will furnish data as to the 
quantitative aspect of electrode equilibriums in a concise form. 
Table IY gives the more important single potentials. The 
values have been taken from Gerke, “International Critical 
Tables" Vol. VI, McGraw-Hill Book Company, Inc., by per- 
mission. The order of the elements is that of the well-known 
electromotive series of the metals. 

Gas Electrodes. — In addition to electrode reactions between 
metal electrodes and metal ions, we may have gas electrodes in 
that hydrogen, the halogens, and oxygen also are known to ionize. 
Nitrogen, however, does not ionize. To render these gases 
electromotively active, they are best bubbled through an electro- 
lyte containing the ion concerned, in which solution there is a 
piece of platinized platinum half immersed. The .gases are 
soluble or adsorbed in the platinum and can then ionize. The 
electrolytic solution pressure of a gas dissolved in platinum 
varies directly with the amount of gas in the medal, which in 
turn varies directly with the gas pressure in the surrounding 
space. 

Oxidation and Reduction Cells. — According to the classical 
definition, the process of oxidation involves the loss of electrons 
from the atom or ion, while the reduction process involves the 
gain of electrons. At an anode the passage of a metal from its 
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Table IV. — Electrode Potentials 


Reaction. 

Volts 

Refer- 

ence 

Equation 

Volts 

Refer- 

ence 

Li + + e - Li 

— 2.959 

( 1 ) 




Rb + +■ 0 = Rb 

-2.925 

( 1 ) 




M 

+ 

4- 

II 

W 

-2.924 

( 1 ) 




Ca ++ H- 2e = Ca 

-2.76 

( 2 ) 




Na + +- e = Na 

-2.714 

( 1 ) 







Ba ++ 4- 2e = BaHg 

-1.570 

( 6 ) 




NaCl 4- e = NaHg(4-Cl“ in sat. 

— 1 . 837 

(7) 




NaCl) 






g r ++ 4 - 2e — SrHg 

-1.793 

( 6 ) 

Zn ++ -j- 2e = Zn 

-0.761 

( 1 ) 




Cr ++ 4 - 2 e - Cr 

-0.557 

(3) 




Fe ++ 4- 2e - Fe 

-0.44 

CD 




Cd ++ 4- 2e = Cd 

-0.401 

CD 







Tl + -j- e — TIHg 

-0.336 

CD 

Ni++ 4- 2e - Ni 

-0.23 

(4) 




S n ++ 4 - 2e = Sn 

-0.136 

(D 




p b ++ 4 - 2 e = Pb 

- 0.122 

(D 




H+ 4- e - KHa 

0.000 








SbaOa 4- 6 H 4- 6 e - 2 Sb + 






3HaO 

0.144 

C8) 




BiOCl 4- 2 H + 4- 3e = Bi 4- Cl“ 






4- HaO 

0.158 

C9, 10 ) 




As»0 3 4 - 6 H+ 4 - 6 e = 2 As + 






3HaO 

0.234 

(11) 

CiV+ 4" 2e = Cu 

0.344 

(D 




Ag + 4- e = Ag 

0.797 

(1) 




Hga ++ 4- 2e = 2 Hg 

0.798 

(D 




A U +++ 4 - Ze = Au 

1.36 

(5) 





1 Lewis and Randall, “Thermodynamics and the Free Energy of Chemical Substances,’* 
McGraw-Hill Book Company, Inc., New York, 1923. 

2 Drucker and Left, Z . physik. Chem., 121, 307 (1926). 

3 Grtjbe and Breitinger, Z. Elektrocheni., 33, 112 (1927). 

4 Haring and Vanden Bosche, J. Phys. Chem., 33, 101 (1929). 

3 Jirsa and Jellinek, Chem,. Listy, 18, 1 (1924); Z. Elektrochem.., 30, 286 (1924). 

6 Danner, J. Am. Chem. Soc., 46 , 2385 (1924). 

7 Danner, J. Am. Chem. Soc., 44 , 2832 (1922). 

8 Schxjhmann, J. Am. Chem. Soc., 46 , 52 (1924). 

9 Jellinek and Kuhn, Z. physik. Chem., 105, 337 (1923). 

10 Noyes and Chow, J. Am. Chem. Soc., 40 , 739 (1918). 

11 Schtjhmann, J. Am. Chem. Soc., 46, 1444 (1924). 

elemental form with an apparent zero valence to its ionic form 
under the action of the electric current involves a loss of electrons 
and a gain in valence*: 


M — 0 — > M''- 

Oxidation reactions are therefore associated with the anode. 
Conversely, at the cathode the positive ions are discharged 
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and are converted to their elemental form with a gain of electrons 
and a decrease in valence: 

m+ + e — > m 

At the anode, negative ions are discharged with a loss of electrons 
and a gain in valence : 


They are therefore oxidized. It is obvious that the oxidation- 
reduction reactions as stated here involve the concept of negative 
and positive valences. It is to be noted that the reduction 
reactions at the cathode may take place in a stepwise fashion, an 
example of which is the reduction of ferric to ferrous ions 

p e +++ + © Fe 4_+ 

and a converse reaction may take place at the anode. 

In the discussion above, the oxidation-reduction reactions 
occurred through the medium of the electric current. Contrari- 
wise, an electric current may readily be produced by a suitable 
arrangement of the constituent parts of these reactions. The 
cells set up must be such that simultaneous loss and gain of 
electrons occur but in separate localities, with connections made 
in such a way that the transfer of electrons or the flow of elec- 
tricity is possible. Such cells are called “oxidation-reduction 
cells.” A typical example would be a platinum electrode dipping 
into a solution of ferric sulphate, connected by a salt bridge to a 
solution of copper sulphate into which a copper electrode dipped, 
and a wire connection made between the platinum and the 
copper. The flow of current externally would be from the 
platinum to the copper, and in the cell the copper would be 
oxidized to copper ions and the ferric ion reduced at the cathode 
to the ferrous state. Similarly, a platinum electrode dipping 
into a solution of stannous salts joined to form a cell with a 
platinum electrode dipping into stannic solution would be of the 
oxidation-reduction type. 

The tendency of the ion to pass from out; valence to another 
could be determined by e.m.f. measurements, and. tins value 
derived is the oxidation potential. It follows, therefore, that 
an ion of higher oxidation potential will oxidize one which shows 
a lower value. The ion of relatively lower oxidation potential 



ELECTROMOTIVE FORCE AND ENERGY RELATIONS 57 


Table Y. — Reduction Reactions 


Reaction 

Volts 

Ref. 

Cr+++ •+ e — Cr ++ 

-0.40 

(I, 2 ) 

C 112 O -j- H 2 O 4 ~ 26 — 2 Cu 4 - 20 H~ 

-0.34 

(3) 

CuS + 2 H+ -f- e = Cu + H 2 S 

-0.259 

(4) 

SbO 4- 2 H+ -h 3e = Sb 4- H 2 0 

- 0.212 

(5) 

PbS + 2 H+ 4 - 2 e = Pb 4- H 2 S 

0.07 

(4) 

Pb0 2 +- H 2 O 4- e = PbO + 20 H“ 

0.27 

(0) 

Ti+++ 4 - € = Ti ++ 

0.37 

(7) 

Cu ++ 4- 2 Cl” + e - CuClo- 

0.455 

( 8 ) 

K 3 Fe(CN ) 6 + K+ +e = K 4 Fe(CN)« 

0.486 

(9) 

H 3 As0 4 + 2 H+ + 2e = H s AsO a + H,0 

0.57 

( 10 ) 

MnOr + e = M 11 O 4 

0.664 

( 11 ) 

Fe +++ 4 - e = Fe++ 

0.747 

(12, 13) 

T 1 +++ 4 - 2 e - Tl 4- 

1.21 

(14) 

Sn++++ _|_ 2 e = Sn ++ 

1.25 

(15) 

MnOa 4 - 4H 4 - 4- 26 = Mn ++ 4~ 2H 2 0 

1.33 

(16) 

Ce++ ++ 4 - 6 = Ce +++ 

1 .55 

(17) 

MnOr + 4H+ 4 - 3e = MnOa + 2 H 2 0 

1 .5S 

(18) 

Co +++ 4- e = Co ++ 

1 .81 

(19, 20) 


1 Forbes and Richter, J. Am. Chem. Soc., 39, 1140 (1917). 

2 Gkube and Beeitinger, Z. Elektrochem., 33, 112 (1927). 

3 Allmand, J. Chem . Soc. (London), 95, 2151 (1909). 

4 Knox, Trans. Faraday Soc., 4, 29 (1908). 

e Schtthmann, J. Am. Chem. Soc., 46, 52 (1924). 

6 Glasstone, J. Chem. Soc. (London), 121, 1456 (1922). 

7 Forbes and Hall, J. Am. Chem. Soc., 46, 385 (1924). 

8 Carter and Lea, J. Chem. Soc. (London), 127, 499 (1925). 

9 Lewis and Sargent, J. Am. Chem. Soc., 31, 355 (1909). 

lu Foerster and Pressprtch, Z. Elektrochem., 33, 176 (1927). 

11 Sackur and Taeqener, Z. Elektrochem., 18, 718 (1912). 

12 Noyes and Brann, J. Am. Chem. Soc., 34, 1016 (1912). 

13 Popoff and Kunz, J. Am. Chem. Soc., 51, 382 (1929). 

14 Grubb and Hermann, Z. Elektrochem., 26, 291 (1920). 

15 Forbes and Bartlett, J. Am. Chem. Soc., 36, 2030 (1914). 

16 Tower, Z. physik. Chem., 32, 506 (1900). 

17 Baer and Glaehsner, Z. Elektrochem., 9, 534 (1903). 

18 Brown and Tefft, J. Am. Chem. Soc., 48, 1128 (192(1). 

19 Jahn, Z. anorg. allge.rn. Chem., 60, 292 (1908). 

20 Lamb and Larson, J. Am. Chem. Soc., 42, 2024 (1920). 


is the reducing agent, under the particular set of conditions. 
Thus the same ion may serve as a reducing agent for one sub- 
stance and an oxidant- for others. 

For a reaction of the type 


M x M" + U - 
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the potential difference varies with ionic concentration according 
to the equation 


■ 4 - 


RT 


In 


c 


■where e is the e.m.f. produced by the reduction of M* to M>, 
c is the concentration of M>, o' is the concentration of M*, <? 0 
is the e.-m.f. of the cell when cjc' = 1, n is the difference in the 
valence, R the gas constant, T the absolute temperature, and F 
the value of the faraday. 

Table V gives representative values of oxidation-reduction 
potentials for some common systems. 

Concentration Cells. — In these we may have potential differ- 
ences between two identical electrodes, one surrounded by a 
higher concentration of the same electrolyte than is the other. 
If any liquid potential difference be neglected from the general 
equation for the e.m.f. of an element, E = e — e\ which becomes, 
when both electrodes give cations. 


E — eo — e 0 ' + 


0.058 

n 


0.058 , 

log 


Since the electrodes and the ions are the same, 


E » 


0.058 


log 


c 


The e.m.f. of a concentration cell is a function of the ratio of the 
ionic concentrations at the two electrodes. These e.m.f. seldom 
reach large values save when the concentration ratio is very great. 

In many cases the e.m.f. of a concentration coll at ordinary 
temperatures, after correction for liquid junction potential, 
shows a deviation from the value calculated from the formula 
where the values of ionic concentration are obtained from conduc- 
tivity data. Strictly, the activity 8 a and a' of the ions should he 
substituted. At extreme dilution the values are identical, but 
they differ to some extent at moderate concentrations. 

Measurement of Electrode Potentials. — Single electrode 
potentials may he measured by combining the electrode whose 

8 Lewis and Randall, “Thermodynamics," McGraw-Hill Rook Com- 
pany, Inc., New York, 1923. 
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value is desired with a standard electrode. The latter may be 
either the standard hydrogen electrode or some other, the 
potential of which is accurately known on the hydrogen scale. 
The e.m.f. of the galvanic cell thus formed is then measured 
potentiometrically. The unknown 
single potential can be calculated 
from the equation wherein the volt- 
age of the cell equals the difference 
of the single potentials of the elec- 
trodes forming the ceM. 

The standard electrodes most com- 
monly used are the normal and tenth 
normal calomel electrodes in which 
the system is Hg|KCl solution satu- 
rated with HgCl. Such a so-called 
half cell is shown in Fig. 5. The 
potential of the normal calomel elec- 
trode Hg|HgCl N KC1 is +0.286 
volt at 18°C. and that of the deci- 
normal, Hg|HgCl OAN KC1, is 
+0.338 volt at 18°C. For use with 
alkaline solutions the cells Hg|HgO 
N NaOH(e = +0.117 volt at 18°) 
and Hg|HgO 0.1N ISTaOH (e = 

+0.72 volt at 18°) are most useful. 

For use with acid solutions, the standard hydrogen electrode 
(e = ±0.0 volt) is satisfactory, but the systems Hg[Hg 2 S0 4 
N H 2 S0 4 0 = +0.685 volt at 18°) and Hg|Hg 2 SG 4 0.1N H 2 S0 4 
(e = + 0.687 volt at 18°) are more convenient. 

Connection between the electrode being measured and the 
standard electrode is made by a bridge of a high conductiv- 
ity electrolyte such as KC1 in the case of the normal calomel 
electrode. 



■J< Cl safarcr/eaf 
wtth Hg z C/ 2 

■Hcf 2 Cl 2 


Fiu. 5.— Half cell. 


It is sometimes desirable to measure the potential difference 
at an electrode during the course of electrolysis. l) In this case 
the siphon side tube of the half cell is very much lengthened, 
bent horizontally at the end, and drawn to a fine point which 
can be brought up immediately against the electrode being 


1 Haring, Trans. Am. Elcctrochem. Soc 49, 417 (1926). 
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studied. The error introduced as the result of the potential drop 
caused by the current is very low, seldom exceeding 0.002 volt. 
^Energy Efficiency. — Conditions are never reached in practice 
where an electrolysis may be conducted in a truly reversible man- 
ner without side reactions, or without ohmic-resistance effects of 
the electrodes, and the electrolyte, and at every contact or junc- 
tion between the electrodes and their connectors or electrodes and 
the electrolyte. The theoretical quantity of electrical energy 
needed for the production of one equivalent would be the value 
of the faraday times the theoretical decomposition voltage for 
the reaction. The units are volt-coulombs or watt-seconds. 

It has been noted that it is decidedly unusual to reach 100 per 
cent current efficiency due to side reactions or thermal effects. 
For reasons stated above, electrolysis very seldom proceeds at 
theoretical decomposition voltages. The ratio between the 
theoretical energy and the actual is the energy efficiency expressed 
as a percentage. The amount of energy used in practice is 
always larger than the theoretical. If the theoretical be divided 
by the actual voltage to give a value of voltage efficiency, then 
energy efficiency may be described as the product of the current 
and voltage efficiencies. 


Measurement of Decomposition Voltages. — It is often necessary to 



Voltage 

Fit*. 6. — Decomposition 
voltage curve. 


measure decomposition voltages experimen- 
tally when the values of the two single poten- 
tials of the electrodes are not known. An 
external e.m.f. is applied to the cell through a 
variable resistance with a voltmeter and an 
ammeter in the circuit. At the beginning the 
variable resistance is made very largo. It is 
gradually decreased and simultaneous readings 
of the voltage and current are taken. Sudden 
increase in current occurs at the decomposition 
voltage point. For different, reactions the 
curves may have different slopes and some- 


what different shapes, as indicated in Fig. 6. For strictly accurate results, 


carefully calibrated meters should be employed and correct ions for t he small 
currents and the cell resistance made. 


If the cell be operated for some time and deposition products collect on 
the electrodes, the cell may then he short-circuited through a well-damped 
high-resistance voltmeter, whose reading will be the decomposition voltage 
of the electrolyte. This value is also termed the “back e.m.f.” of the cell. 

# The extent of polarization at any given c.d. is indicated on the decomposi- 
tion voltage curve if the measurements be carried fur enough. Measure- 
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ment of single electrode potentials may be made during the passage of a 
current in any electrolytic cell. In general the potential of the electrode 
will change noticeably with increase of current through the cell. With an 
anode the potential becomes more positive, and with a cathode more negative 
as the c.d. is increased. If these relations be plotted, the c.d. -electrode 
potential curves are obtained. Different slopes of the c.d.-electrode poten- 
tial curves indicate different degrees of polarization as a function of the 
varying electrode processes. 

Lc Blanc 10 measured decomposition voltage of acids and bases 
as well as salts. He found that, for most acids and bases studied, 

Table VI. — Decomposition Voltages 1 

Decomposition 


Electrolyte Voltage 

Acetic acid 1.57 

Azoic acid 1.29 

Dichloracetic acid 1.66 

Hydriodic acid 0.52 

Hydrobromic acid 0.94 

Hydrochloric acid 1.31 

Mono chloracetic acid 1.72 

Nitric acid 1.69 

Oxalic acid 0.95 

Perchloric acid 1.65 

Phosphoric acid 1.70 

Sulphuric acid 1.67 

Trichloracetic acid 1.51 

Ammonium hydroxide 1.74 

Potassium hydroxide 1.67 

Sodium hydroxide 1.69 

Cadmium nitrate 1.98 

Cadmium sulphate 2.03 

Cobalt chloride 1 .78 

Cobalt sulphate 1.92 

Copper sulphate 1.49 

Dead nitrate 1.52 

Nickel chloride 1.85 

Nickel sulphate 2.09 

Silver nitrate 0.70 

Silver sulphate .. . 0.80 

Zinc bromide 3.80 

Zinc sulphate 2.55 

1 LkBlano, X. phyxik. Cf«-rn., 8, 2‘)0 (1KHJ). 


10 LeBlanc, Z. plnjsik. ('hen., 8, 299 (1891); “A Text-book of Electro- 
chemistry,” Chap. V1JL1, The Macmillan Company, New York, 1907. 
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Molten Electrolytes 2 


Electrolyte 


Potassium hydroxide 
Potassium hydroxide 
Sodium hydroxide . . . 
Sodium hydroxide . . . 
Sodium hydroxide . . . 

Barium chloride 

Calcium chloride .... 

Lithium chloride 

Potassium chloride . . . 

Sodium chloride 

Strontium chloride . . . 


Temper- 
ature, °C.j 


200 

300 

200 

300 

480 

650 

585 

630 

810 

835 

615 


2 Neumann - and Behove, Z. Elektrochem., 21, 143 (1915). 

3 Fleck and Wallace, Trans. Faraday Soc., 16, 346 (1921). 


Decom- 

position 

voltage 


2.4 
2.35 
2.32 
2.25 
1.95 3 

3.05 
2.85 
2.62 
2.8 

2.6 
3.0 


the values were identical, and he concluded that the results 
measured the voltage necessary to decompose water. For salt 
solutions the results varied widely. Some of the values are 
given in Table VI. 



CHAPTER V 


ELECTROLYSIS AND POLARIZATION 

It has been shown that the Nernst equation for e.m.f. applies 
to electrolytic cells for small currents. When, however, an 
appreciable current is passing across the boundary between 
an electrode and a solution, the value of the potential difference 
between the two is changed from its equilibrium value as given 
by the Nernst equation. The difference between these two 
values is called “polarization.” Complete or partial removal 
of this difference is termed “depolarization.” Any agent which 
does this work is called a “depolarizer.” 

Electromotive forces of galvanic cells measured by null 
methods with no current flowing are reversible; with currents of 
appreciable magnitude the potentials associated with this 
polarization are irreversible. LeBlanc 1 showed that polarization 
potentials and potential differences in voltaic cells are related in 
character. Lewis and Jackson 2 attributed polarization to 
reverse e.m.fs. caused by the depletion of the substances used 
in the electrolysis at a rate faster than they can be supplied, 
or by the accumulation of the products at a rate greater than 
their removal. 

The increase in value of the potential of an electrode over the 
normal reversible potential is called “ overvoltage.” The decom- 
position voltage of an electrolyte varies with the nature of the 
electrodes, their surface conditions, previous history, and 
homogeneity, between which the solution is electrolyzed. 
The difference between the electrode potential necessary for the 
flow of current and the equilibrium value of the electrode with 
no current flowing is called the “overvoltage of the electrode.” 
It can be seen that there are thus overvoltages for the various 
products of electrolysis, for the various electrodes at which they 
are liberated. 

1 Z. phydk. Che?n., 8, 299 (1891); 12, 333 (1893). 

- Proc. Am. Acad. Arte 8ci. y 41. 399 (1900). 
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Electrode processes occur at the interfaces of the electrodes 
and the electrolyte, or in thin films adjacent to these electrodes. 
The bulk of the electrolyte may be considered merely as a reser- 
voir for ions and as a conducting medium. At the cathode the 
discharge of an ion would tend to reduce the concentration of 
the ions in the cathode film. As a result, the single potential of 
the electrode tends to become more negative and cathodic 
polarization begins. With higher c.d. the concentration of the 
ions in the cathode film will tend to be lessened. Diffusion of 
ions from the body of the electrolyte to the area around the 
cathode will to some extent counterbalance this process. It is 
readily apparent that mechanical agitation, movement of the 
electrolyte, and similar processes will reduce the concentration 
polarization. A similar set of conditions holds true for the 
anode, with the exception that the single potential of the anode 
becomes more positive. 

If the current become so large that the concentration of medal 
ions on the cathode surface is reduced practically to zero, no 
larger current can pass, however great the potential difference be 
made, unless some other ions begin to deposit. This value is 
termed the “limiting” or “maximum current.” It depends 
upon the concentration, temperature, and rate of stirring of the 
solution. 

Reversibility of Electrode Processes. — Concentration polari- 
zation should not truly be considered as a form of polarization, 
inasmuch as the operation is reversible. If the electrodes be 
removed and similar reversible electrodes substituted for them, 
the e.m.f. measured would be the same.' 

Chemical reactions may take place which affect concentration 
polarization. In NaCl electrolysis with insoluble electrodes 
such as platinum, ED ion is deposited at the cathode, the* supply 
being maintained by the dissociation of water into H + and ()H~ 
ions. This reaction takes place when the removal of ID ions 
and the formation of hydrogen molecules disturb the water- 
ionization equilibrium. In some other cases chemical solution 
of the anode may occur in addition to the electrolytic reactions 
shown by the passage of the atoms of the anode into the ionic*, 
state. If the anode be an alloy, nonhomogeneous in nature* or of 
such a character that one constituent is dissolved at a greater 
rate than another, there will then be an actual change in the 
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anode composition, with corresponding changes in the potential 
of the electrode. The potential may rise to a point where other 
electrode processes occur. If, for example, at the cathode a 
material different from the cathode is produced but showing 
solubility in the cathode material, say such as hydrogen with 
platinum, polarization takes place in that the platinum electrode 
is converted to a hydrogen electrode. 

The phenomenon of passivity noted with many base metals as 
anodes in an electrolytic cell is related to, or is a form of, polari- 
zation. One theory proposes that the passivity is due to oxide 
films which are adsorbed on the surface of the metal. These films 
are more noble than the metal and interfere with the passage 
of the atoms to the ionic state. Chemical reactions and adsorp- 
tion processes may interfere with the electrolysis. Insoluble 
films, nonconductive in their nature, may form on electrode 
surfaces, e.g., PbS0 4 on lead anodes and AgCl on silver anodes. 
Catalytic substances as constituents of electrodes may markedly 
affect polarization, in that they will accelerate one reaction and 
retard another, e.g., the insoluble copper-silicon anode for copper 
electrolysis, whose catalytic surface accelerated the oxygen- 
evolution reaction and retarded the copper-solution process. In 
cases where insoluble films form on electrodes, they may so 
completely cover the surface that the ohmic resistance of the 
film is very high, and apparent large polarization values result. 
The ions of the electrolyte do not make contact with the electrode. 
Commercial utilization of this type of effect is found in anodic 
oxidation of aluminum and its alloys, tantalum, and other metals 
in rectifiers, electrolytic lightning arresters, etc. 

Depolarization. — In commercial practice', polarizations of all 
sorts may be considered as ohmic resistances forming part of the 
circuit. They art; avoided as far as possible, for, if the polariza- 
tion become too great, new electrode processes of an undesired 
nature may set in. It so happens, however, that in some cases 
polarization is definitely necessary for the production of the 
desired electrode process. This is true in the case of chromium 
deposition, whore the hydrogen film on the cathode is the most 
important factor in the 1 production of the deposit of chromium 
metal. Polarization effects may markedly affect the types of 
deposits obtained. When they cannot be avoided by adjustment 
of current and voltage conditions, depolarizers are employed to 
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get rid of the undesired products. An example of this is found 
in high-quality nickel plating where hydrogen in the nickel affects 
the ductility of the deposit. Oxidizing substances like H 2 0 2 
are added to get rid of hydrogen codeposited with the nickel. 
In other electrode processes, additions of certain materials which 
will readily attack anodes are sometimes made to overcome anode 
polarization. An example of this is the use of chlorides in 
various plating baths and in certain refining solutions to increase 
the rate of anode corrosion. 

Overvoltage. — Two general methods exist for the measure- 
ment of overvoltage. In one of these the electrode potential is 
determined while the current is flowing. The tip of a bent tube 
of a standard electrode is placed against the electrode in question 
while the electrode is in the electrolytic cell. Every attempt is 
made to minimize ohmic resistance. In the other method the 
current applied to the electrolytic cell is shut off momentarily 
while the electrode potential is determined. The first or the 
direct method was employed by Knobel and his associates ; s the 
second was favored by Newbery. 4 For hydrogen overvoltage, 
Newbery’s work indicated that the value was related to the 
position of the metals in the periodic table, assigning nominal 
values for the first group of 0.35 volt, Group II 0.7 volt, Group III 
0.5 volt, Group IY 0.45 volt, Group V 0.42 volt, Group VI 
0.32 volt, Group YII 0.25 volt, and Group VIII 0.18 volt. 

Values for hydrogen overvoltage for a number of materials in 
2N H2SO4 as an electrolyte are given in Table VII which is con- 
densed from KnobeFs data in the “ International Critical Tables,” 
McGraw-Hill Book Company, Inc., by permission. The values 
vary directly with the e.d., the extent of this increase usually 
being greater than accountable by concentration changes in the 
electrolyte. Hydrogen overvoltages at very high c.d. for nearly 
all substances approach limiting values of about 1.3 volts. 

From the figures given in the table, it will be seen that hydrogen 
overvoltage for most cathode materials is large enough to be of 
practical importance even at moderate c.d. The soft metals 

3 Knobel, Caplan, and Eiseman, Trans . Am. Electrochem. Soc., 43, 51 
(1923); Goodwin and Wilson, ibid., 40, 173 (1921); Goodwin and Knobbl, 
ibid., 37, 617 (1920). 

4 Newbery, J. Chem. Soc., 106, 2420 (1914); 109, 1051, 1066 (1916); 
Mem. Proc. Manchester Lit. & Phil. Soc. t 61, No. 9 (1916). 
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of low melting point show the highest hydrogen overvoltages, 
while those of high melting point have relatively small values. 

Many investigators have given attention to overvoltage. 
They have considered the condition of the electrode surface in 
that with rough surfaces the overvoltage is commonly lower; the 
purity of the metal of the electrode; the time of electrolysis in 
that with some materials maximum overvoltage is reached only 
after an appreciable time; temperature; the presence of colloids; 
external pressures on the system; the effect of superimposed 
currents of varying frequencies in that a.c. lowers the overvolt-i 
age ; surface tension ; the effect of ultraviolet light ; pH ; adsorption) 

Table VII. — Overvoltage — H 2 1-6 at 25 °C. 

(Electrolyte 2N H2SO4) 


Amperes per square centimeter 


Metal 



0. 

001 | 

0 

.01 

0 

.1 

0 

.5 

1 

.0 

Aluminum 

. . 0 

.56 

0 

.83 

1. 

.0 


.24 

1 

.29 

Bismuth 

0 

.78 

1. 

.05 

1, 

.14 


.21 

1 

.23 

Brass 

0 

.50 

0. 

.65 

0 

.91 


.23 

1 

.25 

Cadmium 

0 

.98 

1. 

.13 

1, 

.22 


.25 

1 

.25 

Carbon. 



0. 

.70 

0 

.9 


.1 

1 

.17 

Copper 

. . 0 

.48 

0. 

,58 

0 

.8 


.19 

1 

.25 

Duriron 

0 

.20 

0. 

29 

0 

.61 

0 

.86 

1 

.02 

Gold 

0 

.24 

0. 

.39 

0 

.59 

0 

,77 

0 

.80 

Graphite 

0 

.60 

0, 

.78 

0 

.98 

1 

.17 

1 

.22 

Iron 

0 

.40 

0. 

56 

0 

.82 

1 

26 

1 

.29 

Lead 

0 

.52 

1. 

.09 


.18 

1 

24 

1 

.26 

Mercury 

0. 

.9 

1. 

.04 


.07 

1 

1 

1 

.12 

Monel 

0. 

.28 

0 

,38 

0. 

.62 

0 

86 

1 

.07 

Nickel 

0. 

.56 

0 

.75 


05 

1 

21 

1 

.24 

Palladium 

0. 

. 12 

0 

3 


7 

1 


1 


Platinum, platinized. . . . 

. . 0. 

015 

0 

.03 

0. 

04 

0 

05 

0 

.05 

Platinum, smooth 

0. 

.024 

0 

.07 

0. 

29 

0 

,57 

0 

.68 

Silver 

. . 0 

.47 

0 

.76 

0. 

.88 

1 

03 

1 

.09 

Tellurium 

0 

.4 

0 

.45 

0. 

.48 

0 

54 

0 

.6 

Tin 

0 

.86 

1 

.08 

1. 

.22 

1 

.24 

1 

.23 

Zinc 

. . 0 . 

.72 

0 

.75 

1 . 

06 

1 

20 

1 

.23 


1 Knobel, J. Am. Chem. Soc., 46 , 2013 (1024). 

2 Knobel, J. Am. Chem. Soc., 46 , 2751 (1024). 

3 Knobel, Oaplan, and Eiseman, Trans. Am. Electro chem. Soc., 43 , 55 (1023). 

4 Knobel and Joy, Trans. Am. Electroche?n. Soc., 44 , 443 (1023). 

> Newbehy, J. Chem. Soc. (London), 105 , 2410 (1014). 

3 Newbeky, Trans. Faraday Soc., Part. I, 15 , 120 (1010). 
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phenomena, and minute amounts of impurities in tin; electrolyte 
or at the electrode-electrolyte interface. 

Little attention has been paid to the effect of concentration 
of the electrolyte on the hydrogen overvoltage. In general the 
presence of colloids increases the overvoltage. The use of 
so-called “ addition agents ” in metal refining and the effect 
on the overvoltage will be discussed in some detail later. The 
reduction of external pressure seems to increase the hydrogen 
overvoltage slightly, while the superimposition of an a.c. on a 
d.c. lowers the value . 5 

Table VIII. — Overvoltage — Ch 1 " 8 at 25°C. 

(Electrolyte liV KOH) 

Amperes per square centimeter 
Metal 



o.ooi | 

0.01 

0.1 

0.5 

1 .0 

Copper 

0.42 

0.58 

0.66 

0.74 

0.79 

Gold 

0.67 

0.96 

1.24 

1 . 53 

1 .63 

Graphite 

0.53 

0.9 

1 .09 

1.19 

1 .24 

Nickel, smooth 

0.35 

0.52 

0.73 

0.82 

0.85 

Nickel, spongy 

0.41 

0.56 

0.69 

0.74 

0 . 76 

Platinum, platinized. 

0.40 

0.52 

0.64 

0.71 

0.77 

Platinum, smooth . . . 

0.72 

0.85 

1 .28 

1.43 

1 .49 

Silver 

0.58 

0.73 

0.98 

1.08 

1 .13 


1 Knobel, J. Am. Chem . Soc ., 46, 2613, (1924). 

2 Knobel, J. Am. Chem. Soc., 46, 2751 (1924). 

3 Knobel, Caplan, and Eiseman, Trans. Am. Electrochain. Soc., 43, 55 (1923). 

4 Knobel, and Joy, Trans. Am. Electrochein. Soc., 44, 443 (1923). 

E Newbeby, J. Chem. Soc. (Loudon), 105, 2419 (1914). 

6 Newbeby, Trans. Faraday Soc., Part I, 15, 126 (1919). 


Oxygen Overvoltage. — In a manner similar to hydrogen over- 
voltage, oxygen overvoltage exists in the course' of anodic ('volu- 
tion of oxygen. Only the noble metals, and a few others such as 
those of the iron group which can be “ennobled,” can be satis- 
factorily employed for the evolution of oxygen. A table of 
values is given, Table VIII, condensed from Knobel’s fables 
in the “International Critical Tables,” McGraw-Hill Book 
Company, Inc., by permission. 


6 Goodwin and Knobel, Trans. Am. Electrochem. Soc ., 37, 017 (1920). 
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In the case of oxygen overvoltage, Foerster 6 has shown that 
oxides may be supposed to form on the surfaces of anodes. 
The general phenomenon of oxygen overvoltage can be accounted 
for if it be assumed that an increasing oxygen concentration at 
the electrode surface will cause an increasingly positive potential. 

Table IX. — Overvoltage — CL2 1 " 6 at 25°C. 

(Electrolyte Saturated Solution NaCl or KC1) 


Amperes per square centimeter 



0.001 

0.01 

0.1 

0.5 

1.0 

Graphite 



0.25 

0.42 

0.5 

Platinum, platinized 

0.006 

0.016 

0.026 

0.05 

0.08 

Platinum, smooth 

0.008 

0.03 

* 

0.054 

* 

0.16 

0.24 


Overvoltage — BR2 1 " 6 at 25°C. 
(Electrolyte Saturated Solution NaBr or KBr) 


Amperes per square centimeter 



0.01 

0.1 

0.5 

1.0 

Graphite 

0.002 

0.027 

0.1G 

0.33 

Platinum, platinized. 

0.002 

0.012 

0.07 

0.2 

Platinum, smooth . . . 

0.002 


0.26 

0.4 


Overvoltage — I^ 1 ” 6 at 25°C. 

(Electrolyte Saturated Solution Nal or KI) 

Amperes per square centimeter 



0.01 

0.1 

0.5 

1 .0 

Graphite 

0.013 

0.1 

0.4 

0.8 

Platinum, platinized. 

0.006 

0.03 

0.09 

0.2 

Platinum, smooth. . . 

0.004 

0.03 

0. 12 

0.22 


1 Knob el,, J. Am. Chem. Soc ., 46, 2013, (1024). 

2 Knobel, J. Am. Chem. Soc., 46, 2751 (1924). 

3 Knobel, Caplan, and Eweman, Trans. Am. Electrochcm. Soc., 43, 55 (1923). 

4 Knobel and Joy, Trans. Am. Electrochem. Soc., 44, 443 (1923). 
b Newheey, J. Chem. Soc. (London), 105, 2419 (1914). 

6 Newueky, Trans. Faraday Soc.., Part I, 15, 120 (1919). 

0 Z. physik. Chem., 69, 236 (1909); Z. Elektraclwvi 16, 353 (1910) ; “ Elek- 
troohemie wiissoriger Losungen,” pp. 33,5-341, Johann Barth, Leipzig, 1923. 
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Halogen Overvoltage. — Overvoltages for the halogens exist 
of a nature comparable to hydrogen and oxygen overvoltages. 
On continued electrolysis these frequently attain very large 
values. Values for chlorine, bromine, and iodine overvoltages 
are given in Table IX, condensed from Knobel’s tables in the 
“International Critical Tables/ 7 McGraw-Hill Book Company, 
Inc., by permission. For a more complete discussion, the reader 
is referred to the work of Muller, 7 Luther and Brislee, 8 Pfleiderer, 9 
and Foerster and Tenne. 10 

The H + ion concentration or the pH of a solution may markedly 
affect chlorine overvoltage. [Reference should be made to Fig. 7. 
With platinized platinum in a solution of N NaCl containing 



4node potential 

Fig. 7. — Current density-chlorine 
overvoltage relation. 


O.OliV NaOH, curves such as A 
are obtained, whereas in N HC1 
with smooth platinum, curve B 
results which is to be compared 
with the vertical line of the revers- 
ible chlorine potential. Curve 
C corresponds to A but with 
smooth platinum as the electrode. 
As in hydrogen and oxygen evolu- 
tion, chlorine deposition may be 
presumed to involve the formation 


of monatomic chlorine within the 


electrode surface material. Solubility of molecular chlorine in 
the electrolyte may affect the chlorine overvoltage. In com- 
mercial practice electrolytes are maintained for minimum chlorine 


solubility. 


Inasmuch as OH“ ions may discharge at the anode along with 
chlorine ions, the oxygen overvoltage of the particular electrode 
may become important. With changes in c.d., increases in OH~ 
ion and oxygen at the electrode interface may become great 
enough that potentials will be reached at which oxygen is evolved. 
The lower the voltage at which OH~ ion may be discharged at 
the particular electrode, the greater will be the effect of oxygen 
on the chlorine reactions. * 


1 Z. Elektrochem,, 6, 573 (1900); 8, 426 (1902). 

8 Z. physik . Chem., 45, 216 (1903). 

9 Z . physik. Chem., 68, 49 (1909). 

10 Z. Elektrochem., 22, 86 (1916); Dissertation, Dresden 0 013). 
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The effects of oxygen, pH, and other factors at platinum and 
graphite electrodes have been studied by Boericke 11 and Foerster 
and Yamasaki 12 for bromine deposition and by Foerster and 
Herrschel 13 for iodine. 

Theories of Overvoltage. — For an extensive discussion of the 
theories of overvoltage, the reader is referred particularly to the 
work of Foerster , 14 Newbery , 15 Moller , 16 Tafel , 17 Maclnnes , 18 
Haber , 19 and Glasstone . 20 One theory which finds considerable 
acceptance supposes that overvoltage is due to an increase 
in the electrolytic solution pressure, as given in the JNTernst 
equation, by the formation of a hydride with the metal of the 
electrode with greater free energy content than gaseous hydrogen. 
Hydrogen at atmospheric pressure dissolves to an appreciable 
extent in most metals to form some sort of alloy with the metal. 
It is well known that hydrogen is dissolved by metals of the 
platinum group to such an extent that the resulting electrode 
is of the gas type and is commonly referred to as a “hydrogen 
electrode.” Anodic overvoltage in a similar manner would be 
due to oxides or adsorbed oxygen. As solid solutions, these 
oxides and hydrides would generate reverse e.m.fs. at the anode 
and cathode and be assumed to account for high oxygen and 
hydrogen overvoltage. 

Polarization and Metal Deposition.— Processes involving 
cathodic metal deposition usually take place almost reversibly. 
In the majority of cases small polarizations are all that are 
required. This is essentially of the concentration polarization 
typo. In electrolysis of solutions containing complex metallic 
ions, considerable polarization may be met even at small e.d. 

Particularly in the case of metals of the iron and nickel group, 
appreciable polarization may be encountered even in the electrol- 
ysis of simple salt solutions. Table X shows the relation 

11 Z. Elektrochem ., 11 , 57 (1905). 

12 Z. Elektrochem ., 16, 321 (1910). 

33 Z. Elektrochem 22, 89 (1916). 

14 “ Eloktrochemio wassoriger LoKungon,” Johann Barth, Leipzig, 1923. 

16 J. Chem. Soc. (London), 105 , 2419 (1914); 109 , 1107, 1359 (1916). 

4(i y. physik. Chem., 66, 226 (1909). 

17 Z. physik. Chem., 34, 200 (1900). 

18 J. Am. Chem. Soc., 41 , 194 (1919). 

10 Z. Elektrochem., 8, 539 (1902). 

20 Trans. Chem. Soc. (London), 126 , 250 (1924). 
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between cathodic potentials of iron from slightly acid FeSQ 4 
solutions and those of copper deposition from CuS0 4 solutions, 
both at 20°C., as obtained by Foerster and Mustad. 21 The 
difference in the behavior of the two salts is very marked. 


Table X 


Current density 

CuS0 4 , 

volts 

Over- 

voltage 

FeS0 4 , 

volts 

Over- 

voltage 

0.00 

0.57 X 10~ 4 amp. per cm. 2 

+0.303 


-0.465 

-0.573 

-0.108 

1.13 

+0.292 

-0.011 

-0.594 

-0.129 

2.27 

+0.290 

-0.013 

-0.606 

-0.141 

4.5 

+0.289 

-0.014 

-0.616 

-0.151 

11.3 

+0.287 

-0.016 

-0.630 

-0.165 

22.7 

+0.281 

-0.022 

-0.644 

-0.179 


Nickel and cobalt salts behave in a manner similar to that of 
iron. Large polarization values are met in the deposition of 
chromium and manganese. In the case of chromium, the energy 
efficiency of chromium deposition is quite low, inasmuch as the 
evolution of hydrogen is the major cathodic process. With 
chromium and manganese, anodic solution does not proceed 
easily, passivity may readily set in, and OH~ ion discharge with 
oxygen evolution become the more important anode* process 
with increases of c.d. and anode potential. Zinc, which is baser 
than iron or nickel, deposits reversibly even at high c.d., a 
factor which is of great industrial importance in zinc electrowin- 
ning. The large polarizations met in iron deposition an* associ- 
ated with the evolution of hydrogen and its adsorption by the 
freshly deposited metal. This hydrogen adsorption markedly 
changes the electrode potential. If the hydrogen be “baked 
out” the electrode potential will, under the same set of conditions, 
show a different value. 

If the deposited metal form an alloy with the electrode, it is 
obvious that new electrode potentials will then be involved with 
different polarization values for the particular set of circum- 
stances. The rate of alloying will be affected by diffusion into 
the body of the electrode, and this factor will cause the polariza- 
tion values to change. 

21 Abhand. Bunsen Ges., 2, 44 (1909). 
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With liquid cathodes, diffusion and alloy formation can proceed 
more rapidly. The electrode surface is changed, and the original 
electrode potentials and polarization values no longer control. 
At the beginning, the hydrogen overvoltage in a mercury cell at 
which Na + ions are being discharged is high, but with alloy 
formation taking place, the hydrogen overvoltage may be 
decreased under the new set of conditions, so that with sodium- 
rich amalgams H + ion deposition is the major process. With con- 
tinuance of hydrogen evolution, the amalgam may lose sodium, 
with corresponding increase in hydrogen overvoltage so that Na + 
ion discharge in turn may displace hydrogen evolution . 

^Hydrogen Overvoltage and Metal Deposition.— The electrode 
potential of a cathode must be represented by the equation 

RT , p m . , RT . Vk 

e m = -zrv log 75- + 0 t and e h = -j- log -± 

where o m is the overvoltage for the metal deposition. If e h be 
more negative than e m for all 
c.d., only metal will deposit. 

The c.d. -voltage curves will 
then be related as shown in 
Fig. 8 . As long as the limiting 
c.d. for the metal is not ex- 
ceeded, the relations shown in 
the curve apply to metals that 
are more noble than hydrogen 
in strongly acid solutions. If 
the limiting c.d. bo exceeded, 
hydrogen must deposit. The 
potential of the electrode will then jump oven* to the hydrogen 
curve. 

If for all c.d. c h be loss negative than e m , only hydrogen will be 
deposited. The curves in the figure will then be interchanged. 
This applies to those metals which decompose water. 

Reductions of the H + ion concentration through the use of 
neutral solutions are not of aid in attempted deposition of metals 
such as aluminum and magnesium. Even if only a small amount 
of hydrogen be liberated, the solution around the cathode becomes 
alkaline and hydroxides are precipitated on its surface. Tucker 



and of metal, showing conditions for 
deposition of metal alone. 
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and Thomssen 22 find that small amounts of aluminum can be 
deposited from saturated AICI3 solutions at high c.d. at cathodes 
rotating at 15,000 r.p.m. 

Metal and hydrogen will be deposited together if e-h = e m . 
The c.d.-voltage curves would then be related as in Fig. 9, where 
the relative positions of the hydrogen and the metal curves are 

such that the same vertical line cuts 
both of them. The amounts deposit- 
ed at a given electrode potential will 
be proportional to the c.d. correspond- 
ing to the intersections of the vertical 
and the metal and hydrogen curves, 
and the efficiency of metal deposition 
is AC/ (AC + AB). Nickel, zinc, and 
cadmium belong to this case. It is to 
be noted that in the case of metals 
that tend to dissolve in acid, the cur- 
rent cannot go in the direction from 
solution to cathode; consequently 
hydrogen cannot be deposited until 
the im pressed voltage is at least equal to that with which the 
metal tries to dissolve. 

Aqueous solutions always contain H + and OH” ions which, 
depending upon the electrical conditions, may remain in the 
electrolyte in equilibrium or be discharged in preference to other 
ions, or other ions may be discharged in preference to them. 
With the noble metals whose single electrode potentials are more 
positive than that of hydrogen, the metals are deposited in 
preference to hydrogen at low c.d. With high c.d., voltage 
values may be reached at which there is simultaneous deposition 
of the metal and hydrogen. On the other hand, very base 
metals whose single electrode potentials are very much more 
negative than that of hydrogen, examples of which are the 
alkaline and the alkaline earth metals, are not cathodioally 
deposited from aqueous solutions. Only hydrogen evolution 
occurs. Theories have been proposed involving the deposition 
of these metals and discharge of their ions with immediate 
chemical reaction with water and the formation of hydrogen. 
From the electrochemical viewpoint, the theory is questionable. 

22 Trans. Am. Electrochem. Soc., 15 , 497 (1909). 



Fig. 9. — Overvoltage of hy- 
drogen and of metal, showing 
conditions for simultaneous 
deposition of metal and hydro- 
gen. 
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For the common metals such as lead and tin, the iron group, 
zinc and cadmium, in order to make any predictions, it is neces- 
sary to consider the single electrode potentials of the metal and 
hydrogen in the particular solution, the relative positions of the 
c.d.-cathode potential curves for the metal and hydrogen, and 
the slopes of these curves. Often the chemical rate of solution of 
the deposited metal is a controlling factor. Zinc may be and 
iron may not be deposited on the cathode from a highly acid 
sulphate solution with high current efficiency. 

At the beginning of electrolysis involving metal deposition, the 
original cathode and the hydrogen overvoltage at this cathode 
will be an important factor as to whether hydrogen or metal is 
to be deposited, either singly or together. If, however, the 
metal surface become coated with deposited metal, a new set of 
controlling conditions is involved. Inasmuch as the hydrogen 
overvoltage increases sharply with increase in e.d., metal deposi- 
tion is thus favored at high c.d. and high metal ion concentration. 
Increase in temperature reduces hydrogen overvoltage and f avors 
H + ion deposition. 

Metals of the iron group show low hydrogen overvoltage at 
ordinary c.d. Deposition of the metals is most effective in 
electrolytes of high metal ion concentration and at low c.d. At 
higher c.d., hydrogen evolution with saturation of the metal and 
changes in the single potential of the cathode becomes the more 
important reaction. Manganese, which has a high hydrogen 
overvoltage similar to zinc, differs from this metal in that it 
requires a high polarization like iron for its cathodic deposition. 

When hydrogen evolution as the result of H + ion deposition 
becomes the major or an important part of the cathodic deposi- 
tion process, the electrolyte in the region of the cathode may 
become alkaline, and insoluble hydroxides of the metal ions may 
be precipitated. In many industrial processes, agents are added 
to the electrolyte as buffers to maintain the pH of the electrolyte 
with the avoidance of alkaline areas. 

Deposition of Alloys. — Codeposition of two metals may occur 
when their equilibrium potentials in a given electrolyte are very 
close. It is to be understood that the electrode potentials, and 
as a result the relative positions of the metal ions in relation to 
each other, may be markedly different with different anions. 
Single electrode potential tables or electrochemical series may 
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not have the same order with acetates, cyanides, chlorates, or 
other anions as with sulphates, in connection with which the 
values are usually determined. Deposition potentials of the 
metals from complex electrolytes, where the metal ion is not 
produced as the result of primary but secondary ionization, are 
factors in the possibility of alloy deposition. 

Alloys may also be deposited when there is considerable 
depolarization of the baser metal deposition. Codeposition 
may also take place at c.d. which are so high that diffusion of the 
iong of the nobler metal is not rapid enough to maintain this 
c.d. The two metals then deposit at different efficiencies. 
Simultaneous deposition may also take place if the nobler metal 
be highly polarized at moderate c.d. The entire subject of 
simultaneous deposition of two metals will be discussed more 
completely in its practical aspects under electroplating. 

Effect of Alternating Current on Electrolysis. — Electrochemical 
literature shows that by superimposing an a.c. on d.c. in elec- 
trolysis, a decrease in electrode potential is obtained. This is 
manifested by measurements of overvoltage and by the character 
of the products from electrolysis, more of the intermediate 
products and less of the end products being obtained. Since 
the exact cause of overvoltage is not well understood and since 
methods of properly measuring it are in some respects doubtful, it 
is obvious that it would be difficult to make similar measure- 
ments with combined a.c. and d.c. Some literature has reported 
negative overvoltages under such circumstances, which at 
once opens the question as to the suitability of the method 
employed. 

Overvoltage exists only while current flows, so that to obtain 
correct values current should be flowing when measurements 
are made. Such a measurement always involves a potential 
caused by resistance of the solution, resistance of the elect rode, 
and any resistance which may exist between the solution and the 
electrode by virtue of the liberation of gas. These extraneous 
potentials have been eliminated by extrapolation or by momen- 
tarily breaking the circuit and measuring the back e.m.f. as the 
overvoltage. These methods have not been applied in using a 
superimposed a.c. on d.c. 

The amounts of electrochemical effects of a.c. alone are 
dependent on c.d., those of superimposed a.c. on the ratio of 
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the alternating to the direct component of the current, while the 
effects of both types of current are greatly influenced by the 
frequency. Experimental work shows that the superposition 
of an a.c. on a d.c. electrode process tends to reduce any irrevers- 
ibility in that process. Superimposed a.c. acts as a depolarizer. 
It reduces anode and cathode polarization and electrochemical 
passivity. Chemical depolarizers may leave undesirable decom- 
position products in the electrolyte, but superimposed a.c. will 
not. Superposition results in marked reduction of oxygen 
overvoltage and electrochemical passivity of anodes. Cocks 23 
has noted effects in nickel plating and in combined zinc and 
nickel plating from a feebly acid solution of zinc and nickel 
sulphates. Superposition of a.c. assists the anodic solution of 
chromium in acid and alkali solutions. The only case of the 
technical use of superimposed a.c. in electrolysis is that of the 
Wohlwill modified gold refining process . 24 The introduction of 
the a.c. in the Wohlwill process converted it from a laboratory 
curiosity to a commercial success. The sole effect of the a.c. 
was on the solution of the anode. Recent proof of the desirability 
of the presence of chlorides in nickel plating baths and of the 
employment of temperatures of 30 to 50° tends to discount 
the outstanding advantages of superimposed a.c. 

Superimposed a.c. reduces the hydrogen overvoltage as deter- 
mined by Goodwin and Knobel 25 with platinum, lead, mercury, 
and copper in normal H 2 SO 4 at frequencies from 3 to 100 cycles 
per sec. Grube and Dulk 26 obtained similar results for oxygen, 
and Puri 27 for chlorine. Hydrogen was liberated at potential 
values more positive and oxygen at values more negative than 
the corresponding reversible figures. Anodic metal solution is 
affected by a.c., in that the anode corrosion is increased. Cop- 
padoro 28 and Marsh 29 state that nickel dissolves in solutions 
which it ordinarily resists, and platinum may pass into solution 

inKCN. 


23 Metal Inti. (Low ion), 34, 39(5-398, 414, 424-425 (1929). 

24 British Patent, (>,276 (1009). 

25 Trans. Am. Elect roche m . Soc ., 37, 017 (1920). 

20 Z. Elektrochnn 24, 237 (1918). 

27 Thesis, London, 1923. 

28 Gazz. chim. ital 36, it, 693 (1906). 

29 Proc. Roy . Soc. (London) A., 97, 124 (1920). 
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Jones* 0 finds that in the electrolysis of H 2 S0 4 with lead elec- 
trodes, the maximum overvoltage obtained during cathodic 
action is only slightly lowered by superimposing increasing 
amounts of a.c. upon d.c. If the metal be one which normally 
becomes passive at higher c.d., the use of superimposed a.c. tends 
to preserve the active condition and raises the limiting c.d. at 
which metal solution ceases. Examples are given by gold in 
chloride solutions, 31 by platinum in various electrolytes, 32 by 
iron and lead in alkaline solutions, 33 and by nickel in various 
neutral or faintly acid solutions. 34 

In electrolytic oxidation processes the use of superimposed a.c. 
lowers the oxidizing potential and thus can markedly influence 
the nature of the anodic reaction, with the production of inter- 
mediate compounds which under ordinary conditions would be 
converted into others of a more highly oxidized nature. 

Primary cells which show considerable polarization will have 
higher e.m.f. if a.c. be passed through, 85 while those cells which 
operate nearly reversibly will not be so affected. 36 Tucker and 
Loesch 37 have, however, suggested the application of a.c. in the 
case of nickel plating in order to increase the rate of solution of 
the anodes. 

As to the theory of depolarizing action of a.c., little can be said 
at the present, although it is expected that by the use of instru- 
ments such as the oscillograph and high-frequency apparatus, 
some basic understanding will eventually be reached. 88 The 

30 Trans. Am. Electrochem. Soc., 41, 151 (1922). 

31 Wohlwill, Z. Elektrochem ., 16, 25 (1910); Puri, op. cit. 

32 Ruer, Z. physik. Chem., 44, 81 (1903). 

33 Grube and Gmedin, Z. Elektrochem ., 26, 153 (1920); Grube, Z. Elektro- 
chem., 28, 275 (1922). 

34 Tucker and Loesch, J. Ind. Eng. Chem., 9, 841 (1917) ; Kohlsch Otter 
and School, Helv. Chirn. Acta , 5, 490 (1922). 

35 Brown, Proc. Roy. Soc. {London) A., 90, 26 (1914); Ghosh, J. Am. 
Chem. Soc., 36, 2333 (1914); Puri, Thesis, London, 1923. 

36 Ghosh, op. cit. 

37 Loc. cit. 

38 See the views of Ruer, Ghosh, Goodwin, and Knobel, op. cit . ; 
Brocket and Petit, Z. Elektrochem., 10, 909 (1904); 11 , 441 (1905); 
Archibald and von Wartenberg, Z. Elektrochem., 17, 812 (1911); 
Reitlinger, Z. Elektrochem., 20, 261 (1914); Bancroft, Trans. Am. Elec- 
trochem. Soc., 29, 309 (1916); Grube, Z. Elektrochem., 24, 237 (1 918); Grube 
and Metzger, Z. Elektrochem., 29, 100 (1923). 
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industrial application of superimposed a.c. on d.c. used for 
electrolysis has had little development, but it is expected, 
particularly in the field of electroorganic chemistry, to find 
increasing application. 

Inasmuch as overvoltage commercially means that increased 
voltages must be applied to maintain electrolysis, greater quanti- 
ties of energy must be expended. Continuous attention in 
commercial plants is given to contacts to eliminate ohmic 
resistance, and to electrode materials, electrode surfaces, e.d., and 
related factors to maintain overvoltage values as low as possible. 
It follows that with different electrode materials different over- 
voltages may be needed, and the type of electrode process may be 
controlled by the proper selection of electrode material and its 
overvoltage for the particular gas or electrolytic product in 
question. 



PART II 

TECHNICAL ELECTROCHEMISTRY 




CHAPTER VI 


ELECTROCHEMICAL ANALYSIS 

Electrochemical methods are employed to a considerable 
extent in analytical work for the determination of metals from 
solution, and for the separation of these metals one from the other 
by deposition at controlled voltages. From the analytical 
viewpoint, electrochemical analysis employs gravimetric methods 
in that the precipitate formed by electrical action is weighed on 
an analytical balance. While the electrolysis of a simple salt 
may be considered as a well-understood process, the practical 
accomplishment of such a process for the purpose of a quantita- 
tive analysis is usually possible only when a certain set of condi- 
tions is maintained. As a function of the salt to be used, 
the solvents, temperature, voltage, c.d., and the nature and kind 
of electrode, deposition may or may not occur upon passage 
of a current; the deposit may be contaminated by other pro- 
ducts of electrolysis; or it may not have the proper physical 
character for convenient quantitative handling, in that it shows 
lack of adherence to the electrode and crumbles or dusts off during 
the electrolysis or during the process of washing. 

Electrolytic methods are more frequently applied to the 
determination of metallic ions than of nonmotals, although 
methods exist and have been perfected for the determination of 
the latter. In specific castes certain anions must be excluded 
because they yield substances that attack the anode or because 
the acids produced by electrolysis affect the desirable physical 
form of the deposit. Chloride electrolysis with the formation of 
chlorine at a platinum anode is undesirable because of the corro- 
sive effect on the anodes. Experimental work has shown that 
often certain substances exert a very important influence on the 
physical character of the deposited metal. Such materials are 
added to the electrolyte for this reason, although from other 
viewpoints they may be objectionable. t For example, in the 
electrolysis of CuS() 4 solution, HNO3 causes a deposit of firm 
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bright red and adherent metal, while the electrolysis of the CuS0 4 
without additions gives a dark red or brown deposit of finely 
divided copper which is liable to dust off and be lost during 
washing- Silver salts are best electrolyzed in the absence of 
HN0 3 . Electrolysis is caused to take place in double cyanide 
baths where firm white deposits are obtained, in preference to 
the electrolysis of AgNOs where crystalline, easily detached 
precipitates are formed. In all electroanalytical work, current 
and energy consumptions are relatively unimportant. The form 
of deposit, its quantitative precipitation and suitability for 
handling, washing, and weighing are all important. 

A common misconception is the belief that additions of other 
electrolytes to solutions to be electrolyzed are made in order to 
increase the conductivity of the solution. The addition of a 
foreign electrolyte can increase the conductivity of the main 
electrolyte only by itself acting as a carrier of current. In this 
case it has accomplished no desirable effect, since the prime 
object is to make the minimum current do the maximum work in 
discharging the ion already in solution. 

Relatively little work has been done in the development of 
electrochemical methods for analytical work employing solvents 
other than water. The processes are usually carried out at 
laboratory temperatures. Electrolysis is caused to take place 
at controlled voltages whose values have boon determined by 
experiment and are the practical decomposition voltages of the 
solutions, which include many factors such as anodic and eat hodie 
overvoltages, temperatures, solution resistance, effective added 
electrolytes, etc. Sand 1 proposed the analytical separation of 
metals by properly grading the cathode potential difference. 
Current densities employed are usually low so that the most 
desirable form of cathode deposit may be obtained. Hindi low 
c.d. have the disadvantage that they necessitate somewhat long 
periods of time for the completion of the electrolysis. In order 
to shorten this time, gauze electrodes, rotating anodes, and 
rotating cathodes are employed, by the use of which higher c.d. 
may be used without the production of undesirable forms of 
deposit. In other cases mercury cathodes which absorb metals 
of the salt solution being electrolyzed are advantageous* For 


1 J. Chem. Soc., 91 , 373 ( 1907 ). 
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specific methods reference should be made to the standard works 
on analytical chemistry. 

Measurement of Hydrogen Ion Concentration. — The electro- 
chemical measurement of acidity or alkalinity in industrial 
processes by either intermittent methods or continuous ones, 
results of which are recorded by indicating or recording instru- 
ments, has achieved appreciable industrial importance in recent 
years. A brief discussion of H+ ion measurement is included at 
this point. 

The concentration of H + ion in any solution may be expressed in terms of 
the normal H + ion solution containing 1 g. of H + ion per liter. In most 
solutions the H + ion concentration is only a small fraction of that in a 
normal solution and is expressed as powers of 10 in order to avoid decimals 
with a large number of ciphers or fractions with large denominators. A 
concentration of 0.0001 g. H + ion per liter thus becomes 1/10 4 or 1 X 10 -4 . 
The symbol pH is used to designate the logarithm of the reciprocal of the 
H + ion concentration, or the negative log of the H + ion concentration. Thus 
a 0.0001 N solution of H + ion equals 1 X 10 -4 or —log (H 4- ) = 4 = log 
(1/H + ); therefore pH = 4. Concentrations that are uneven decimal frac- 
tions of normal can also be expressed in pH units. Thus for a solution in 
which the concentration is 2.73 X 10 -4 N, the pH number is 3.566. This 
can be proved by the use of a logarithm table, which shows that log 2.73 = 
+0.434 and log 10” 4 = —4.000. Since the numbers are to be multiplied, 
the logs are added; hence —4.000 + 0.434 = —3.566. Therefore log 
(H+) = -3.566, so -log (H+) = 3.566 and pH = 3.566. 

If it be desired to know the actual figure for H + ion concentration when 
only the pH value is given, it can be found by the reverse of the calculation 
just given. Thus 9.63 pH means that (H 4- ) = 1 X 10 -0 - 63 . The exponent 
-9.63 = -10 + 0.37; hence 10~ 9 - 63 = 10 -10 X 10+ 0 - 37 . The log table 
shows that the exponent 0.37 corresponds to the number 2.34. Therefore 
Cl 4 ') = 10~ 9 - 03 is the same as (H + ) — 2.34 X 10“ 10 . 

In a similar manner the alkalinity of a base may he expressed as pOII = 
log [l/(OH - )]. In an acid-base equilibrium water is formed and neutrality 
is reached when [CH + ) X (OII~)]/(IIOII) = K. The number of water 
molecules dissociated is so small in comparison that the concentration HOH 
may be considered as constant and combined with K, making Iho equation 
(H+) X (OH - ) = KHIOin = Kw. At 25°C. Kw is 1() -14 which is the 
product of the concentration of the II ions and Oil - ions which art 1 equal to 
each other, so that the concent rat ion of each is 10“ 7 and in water pH = 7. 
In an acid solid ion t lie concent rat ion of II 4 ' ions Is great er t han t hat of \va ter, 
owing to the dissociation of the acid and according to its dissociation con- 
stant. In an analogous manner in basic solutions the OH~ ion concentration 
is greater than that of water. Hut since water is present, there must } >e 
some Oil - ions in any acid solution and some II 1 ' ions in any basic solution, 
the concentration of one of those varying inversely with the concentration 
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of the other and the production of the two concentrations being equal to 
10- 14 . Then (H+)(OH-) = 1CT 14 and log [1/(H + )] + log [l/(OH”)] = 14, 

and pH + pOH =14. . . . , t 

It is evident that if the concentration of either ion is known, that of the 
other can be computed, so that the reaction of any solution, whether acid, 



Fig. 10. — Theoretical H + ion concentration setup. 


alkaline, or neutral, can be expressed in terms of pH. An acid-alkaline 
scale can be set up in terms of H + ion concentrations with a pH = 0 at one 
end representing a normal H + ion solution, and a pH =, 14 at the other end 
representing the H+ ion concentration of a normal OH - ion solution. Any 



Fig. 11. — H + ion concentration setup, substituting a calomel electrode for one 
of the hydrogen electrodes. 

pH number from zero to 7 thus indicates acidity with decreasing acidity 
as the number increases. pH 7 indicates neutrality and any pH number 
between 7 and 14 indicates an alkaline solution with increasing alkalinity 
(or decreasing acidity) as the number increases. 
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H + ion concentration in a water solution can be determined electrically 
by the use of two hydrogen electrodes in contact with the solution and the 
voltage developed by the two electrodes determined by the use of a potenti- 
ometer. Such a setup is shown in Fig. 10. From the following formulae 
the H + ion concentration or pH can be calculated. 

V , Cn 

0.0001983 T 7 S 

where T is the absolute temperature, V the voltage, Cn the known concen- 
tration, and C the unknown. At 25°C. for the temperature of the two 
solutions, the equation becomes 

V Cn 
0.0591 

If the known solution be a normal H + ion solution, then Cn 1 and log 
1/C — pH, and the equation becomes 

0.0591 pH 

A more convenient arrangement substitutes a calomel electrode for one 
of the hydrogen electrodes, as a result of which the arrangement becomes 
that of Fig. 11. The formula then becomes 

hm - lo « c pH 

The potential of the calomel electrode varies with its temperature as well 
as with the KC1 concentration, as shown in Table XI. 


Table XI 


Calomel electrode j 

Potential at 

20 deg. C. 

Potential at 

25 deg. O. 

Potential at 

30 deg. C. 

Tenth normal 

0 . 3379 

0 . 3370 

0.3371 

Normal 

0 . 2860 

0 . 2848 

0.2835 

Saturated 

0.2496 

0 . 2458 

0.2420 



Quinhydrone Electrode. — For many practical purposes in industry the 
quinhydrone electrode is substituted for the hydrogen electrode. The 
basis of this electrode is a, piece of platinum or gold exactly the same* as used 
for the hydrogen electrode, but the surface of the metal is not platinized, 
and it is not supplied with gaseous hydrogen. Instead a. small quantity of 
quinhydrone (benzoquinhydrone) is dissolved in the solution, and within 
certain pH ranges the electrode in the solution acquires a potential that is 
definitely related to the H + ion concentration of the solution. The potential 
is measured against that of a calomel electrode, and the pH value is found 
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from, the measured voltage in the same manner as with a hydrogen electrode. 
Quinhydrone is so slightly soluble in acid that only small quantities are 
necessary to saturate the solution. In solutions more alkaline than pH 
8, quinhydrone is more soluble, dissociates, and becomes oxidized. The 
quinhydrone electrode potential is altered to such an extent that the meas- 
ured voltage is no longer a linear function of pH. The quinhydrone elec- 
trode is therefore not suitable for use in decidedly alkaline solutions. 

The relation of voltage to pH is given by the expression 

0.7177 - 0.00074* - V - v 
P±1 0.0001983T 


where i is the temperature of the solution and the electrodes, V the measured 
voltage, v the correction factor for the potential of the calomel electrode, and 
T the absolute temperature. With a saturated calomel electrode at 25°C., 
v — 0.2458 and the equation becomes 


0.453 - V 
0.0591 


log 


(H + ) 


pH 


Glass Electrode. — The electrode itself consists of a thin- 
walled glass bulb which is blown on the end of a glass tube, the 
bulb and tube being filled with HC1 adjusted to a pH = 1. The 
electrode terminal is formed by a quinhydrone electrode in this 
solution. This quinhydrone reference electrode is easy to pre- 
pare, is reproducible, and is stable. The pH indications given 
by the assembly as described are the result of the direct transfer 
through the glass bulb which is conductor. The bulb is quite 
thin, being of the order of 0.001 mm. The composition of the 
glass is rather critical and that recommended by Maelnnes and 
Dole 2 (72 per cent SiC> 2 , 22 per cent Na a O and 6 per cent GaO) 
finds wide acceptance. Voltage measurements are made between 
the inner quinhydrone electrode and a calomel reference elect rode 
immersed in the test solution in the manner described previously. 
The resistance of the glass electrode in the forms now available 
is from 2 to 6 megohms, so that high sensitivity galvanometers 
must be employed. 

Antimony Electrode. — This electrode consists of a small block 
of specially prepared antimony metal with its end exposed to the 
test solution. In use, it is necessary that the solution he in 
motion and exposed to the open air. The electrode has a low 
resistance, shows rapid response to the pH changes, and is rugged. 
It finds wide commercial acceptance in continuous pH measure- 

2 Ind. Eng. Chem., Anal Ed., 1, 57 (1929). 
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ments and control of a wide variety of industrial materials. 
While each of the other measuring electrodes follows a definite 
voltage-pH curve, the antimony electrode follows one of several 
curves whose shape depend upon the nature and concentration 
of the substances in the solution being tested. The curves are 
identical below pH 5 and above pH 10. Within this range 
the electrode for the specific solutions under test needs to be 
calibrated. 

The characteristics of the various measuring electrodes for 
pH and H + ion control are given in Table XII. Maclnnes and 
Longworth 3 have described the glass electrode in detail, and 
Perley 4 has compared various electrode systems for industrial 
control. 

Potentiometric Titration. — The changes occurring in a solution 
as the result of the addition of a reagent to that solution may be 
followed in an electrochemical manner in terms of the voltage 
set up in a system with a measuring electrode. The voltage 
corresponding to pH 7 may be set as the neutral point. A 
typical arrangement of apparatus would be such as is shown in 
Fig. 11 but with the addition of a burette holding a special- 
ized solution. A titration is made from the burette into the 
unknown solution. The general method is termed either 
“electrometric” or “potentiometric titration.” It is free from 
the difficulties encountered when indicators are employed in 
colored solutions. The end points are not masked by turbidity 
or other factors which normally interfere in the usual titration 
methods. It can be seen that the method may be employed 
for titration to any voltage corresponding to any pH. 

A modification of the method employs the abrupt change in 
the voltage of the electrode when the end point is reached. 
When a curve is plotted with either pH or voltage as the vertical 
ordinate and the cubic centimeters of the titrating standard 
solution as the horizontal ordinate, there will be a change' in the 
curve with a sharp vertical rise corresponding to a wide change 
in voltage or pH with a minimum addition of titrating agent. 
This will be the end point of the titration. In a similar manner, 
an oxidation-reduction reaction may be followed to its end point 

3 Trans . Electrochem. Soc ., 71 , 73 ( 1937 ). 

4 Trans. Am. Inst. Chcm. En.gr s., 29 , 257 ( 1933 ). 
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by plotting the e.m.f. against volume of standard solution and 
noting the abrupt change in voltage. For specific methods in 
greater detail, reference should be made to the standard texts of 
analytical chemistry . 5 

Conductance Titration. — In the conductometric titration 
method, the abrupt change in the conductivity of the solution 
at the end point is used. It cannot be applied to as wide a range 
of determinations as the potentiometric method, inasmuch as 
the accuracy is affected by large amounts of electrolytes foreign 
to the particular reaction studied. 

Polarographic analysis 6 is based upon the method originated 
by Heyrovsky and Shikata based on current-voltage curves 
obtained with a dropping mercury cathode in a system containing 
a completely polarized electrode in conjunction with one which 
is not polarizable. A specialized measuring system needs to be 
employed for the regulation of the continuously renewed cathode 
surfaces and the automatic continuous re-solution of deposited 
substance at a minute cathode area that has a very high hydrogen 
overvoltage. Qualitative identification of the substances is 
established by voltage factors. 

General References: 

“ Notes on Hydrogen Ion Measurements,” Leeds & Northrup Co., 
Philadelphia. 

Clark, “Determination of Hydrogen Ions,” Williams & Wilkins Com- 
pany, Baltimore, 1927. 

Kolthoff, “Colorimetric and Potentiometric Determination of pH,” 
John Wiley & Sons, New York, 1931. 

Britton, “Hydrogen Ions,” D. Van Nostrand Company, Inc,., New 
York', 1932. 

Dole, “Experimental and Theoretical Electrochemistry,” pp. 407-442, 
McGraw-Hill Book Company, Inc., New York, 1935. 

Lingane, J. Am. Chem. Soc., 61, 2099 (1939). 

5 Mahin, “Quantitative Analysis,” McGraw-Hill Book Company, Inc., 
New York, 1932; Rieman and Neuss, “Quantitative Analysis,” McGraw- 
Hill Book Company, Inc., New York, 1937. 

6 Muller and Baumberger, Trans. Electrochem. Sue., 71, 181 (1937). 
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ELECTROLYTIC REDUCTION AND OXIDATION 

The electrolytic cell may be considered for the purpose of 
oxidation and reduction reactions as a source of the reductant 
hydrogen in its active or nascent form in surface layers of the 
cathode, or at the cathode interface, and as a source of nascent 
oxygen in similar locations related to the anode. If it be con- 
sidered that the cell surface only is a source of reductant or 
oxidant, consideration should be given to the production of these 
at their highest efficiencies, after which the ordinary laws of 
chemical reactions should apply. The mass-action effects, 
concentrations, temperature of reaction, reaction velocities, 
diffusion, and equilibria between the initial and final products 
of the reaction, all apply to electrochemical reduction and 
oxidation in the same manner as do the same reactions carried 
on outside of the electrolytic cell. From the viewpoint that 
impurities should not be introduced into the system, it is desirable 
that the electrodes be of the unattackable type such as platinum 
and related metals, carbon, and metals of the nickel group for 
alkaline solutions; and the platinum metals and carbon in its 
various forms for acid solutions. Commercially, lead for sul- 
phate and sulphuric acid solutions, graphite for chlorides, and 
nickel, iron, or stool for alkaline solutions are used. 

From the electrochemical viewpoint, materials which are 
reduced may be considered cathodic depolarizers; those which 
are oxidized are anodic depolarizers. It follows that oxidation 
reactions may involve substances other than oxygon, such as 
chlorine for example. In general the anodes are selected with a 
high oxygen or halogen overvoltage, and cathodes are selected 
with a high hydrogen overvoltage. Substances which are easy 
to reduce, may be acted on at the interface of cathodes with low 
hydrogen overvoltage; difficultly reducible, materials may require 
much higher overvoltages reached as the result of the influence 
of cither the cathode or the c.d. 
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Electrolytic reduction may occur in the place of hydrogen 
evolution if the electrolyte contain readily reducible substances, 
when H + ions are discharged at the cathode. This reduction 
may proceed with high c.d. at a potential much less negative 
than that required for hydrogen evolution. The reduction 
process may result in changes of valence of ions such as that of 
ferric to ferrous ion or permanganate to manganate, or show its 
presence in the production of reduced compounds such as the 
formation of aniline from nitrobenzene. The cathodic reduction 
may be assumed to involve the discharge of H 4- ions to give 
atomic hydrogen dissolved in the cathode metal, followed by the 
reduction of the depolarizer or reducible substance by the atomic 
hydrogen. The velocity of depolarization is very important in 
electrolytic reduction. In this respect there is little difference 
between depolarizing electrolytes ( 'e.g ., oxidizing agents) and 
nonelectrolytes (e.g., nitrobenzene). 

Each of the factors which affect hydrogen overvoltage will in 
turn affect electrolytic reduction. Increases in c.d. with corre- 
sponding increases in cathodic polarization will cause more H + 
ions to be discharged in unit time, with more rapid depletion of 
the layer of depolarizer around the electrode. There will then 
be a tendency for incompleteness of reduction, and a greater 
percentage of the current will be used in evolving hydrogen gas. 
Concentration of the depolarizer will affect depolarization and 
cathode potential. Similar effects will be caused by increases 
of temperature, agitation, or other means to cause the depolarizer 
to diffuse more effectively. 

The theories of electrolytic reduction and oxidation have been 
discussed extensively and in the classical manner by Foerster . 1 
The utility and value of the c.d. -cathode potential curves were 
pointed out by Haber . 2 

In the reaction between a depolarizer and hydrogen, the 
catalytic effect of the cathode will vary with the cathode material. 
Hence a reduction process may occur at one cathode with a 
much less negative cathode potential than is possible at another. 
Conversely, at a given cathode potential a wide variation of c.d. 

1 “Elektrochemie wasseriger Losungen,” pp. 570-599, Johann Barth, 
Leipzig, 1923. 

2 Z. physik. Chem., 32 , 193 (1900); Z. angew. Chem ., 1900, 433; Z. Elrklro - 
chem., 7 , 304 (1900). 
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is possible. In acid solution the reduction of nitrobenzene to 
aniline takes place more readily at a zinc cathode than at plati- 
num , 3 but in an alkaline solution iron, zinc, tin, and lead are far 



Fig. 12 . — ABCG for reversible H + ion discharge. ABD shows effect of rapidly 
acting depolarizer, ABE effect of moderately active depolarizer, ABF less active 
depolarizer. ABCH shows effect of hydrogen overvoltage increase. 

less effective than either platinum or copper. It has been found 
that the use of an iron cathode will permit the electrolytic 
reduction of chlorates ordinarily irreducible . 4 In like manner 



Fio. 13.- — Cathodic reduction of N KNOj with A T /1()() KOll. (Af tiller.) 

the reactions are affected by the surface' condition of the metal. 
For instance, the reduction of nitrates will yield ammonia at a 
smooth copper cathode blit nitrites at. a spongy electrode . 6 

3 Kins, Z. Elektrochem ., 2, 473 (1895). 

4 I Ik nd kixson, Am. Chetri. J 32, 242 (1904). 

5 Muelikr and Wkbeh, Z. Elcktrochnn ., 9, 955 (1903). 
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Figure 13 shows the current-cathode potential curves produced 
by the use of various cathode materials in the reduction of a 
slightly alkaline N KN0 3 solution. 6 These curves indicate the 
wide difference in potential required as the result of variation 
in the catalytic action of cathode metals. Indigo is reduced only 
at zinc cathodes to indigo white. 7 

The type of cathode metal used may further affect electrolytic 
reduction by increasing the polarization required for H + ion 
discharge. From Fig. 14, in which AB is the current-cathode 

potential curve for reversible hy- 
drogen discharge and DE the 
curve for the reduction process, it 
is seen that, if the given cathode 
permit reversible H + ion dis- 
charge, the total current will be 
used in hydrogen evolution. The 
curves are such as those developed 
by Muller and his co workers 8 and 
Russ. 9 However, should the hy- 
drogen overvoltage be sufficiently 
great, the curve AB will assume 
the form AC. Reduction will then begin at c.d. above that 
corresponding to F, proceeding along with hydrogen evolu- 
tion. Similarly in Fig. 12 the curve F is shown to cut the revers- 
ible H + ions discharge curve G. As the hydrogen overvoltage 
increases, the hydrogen curve will take the form AC II. Yields 
of reduced material will approach 100 per cent even at high c.d. 

Through the use of such cathodes, reductions requiring very 
large cathodic polarization are effected. Such substances as 
pyridine and various alkaloids of the uric acid group, all reducible 
only with difficulty, have been extensively studied. 

Catalysts of the “carrier” type in the electrolyte at times 
have an important place in electrolytic oxidation and reduction. 
These are commonly metals which have multiple valence ions 
such as titanium, vanadium, cerium, manganese, and uranium 



Fig. 14. 


6 Muller, Z. anorg. Chew,., 26, 1 (1901). 

7 Binz and Hagenbach, Z. Elektrochem ., 5, 103 (1898); 6, 201 (1899). 

8 Z. anorg. Chem., 26, 1 (1901). 

9 Z. physik. Chem., 44, 641 (1900). 
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salts. The carriers will be oxidized at the anode and reduced at 
the cathode and may thus be an intermediate reactor. 

In contrast to chemical methods, electrolytic oxidation and 
reduction may be a stepwise process controlled by variation of 
temperature, cathode potential, electrode material, overvoltage, 
and concentration of products. None of the reacting agents, as 
employed in ordinary chemical methods, appear as impurities 
in the final product. The aromatic nitrogen-containing organic 
compounds have been extensively studied, particularly by 
Haber 10 and Elbs 11 who with other workers showed that the 
nitro compounds of the type RNO 2 , where R would be an 
organic radical, could be reduced to the nitroso product RNO, 
to the beta aryl hydroxylamine RNHOH, to the azoxy product 
RN NR, to the material containing an azo group RN=NR, 

v 

which in turn is reduced to the hydrazo form ENH — NHR, or 
to the idene type as H 2 NR — RNH 2 , and finally to the amine 

rnh 2 . 

Electrolytic Oxidation.— Oxidizable substances may act toward 
the OH - ion discharge in a manner similar to the depolarization 
of a H + ion discharge by a reducible substance. The process 
is termed “ electrolytic oxidation.’ 7 It may involve valence- 
change oxidation such as the conversion of ferrous to ferric ion, or 
the manganate to the permanganate ion; polymerization of ions 
such as the conversion of sulphates to persulphates in which 
sulphur is oxidized; or reactions in which the oxygen content of a 
substance increases as in the conversion of ammonia to nitrite, or 
the hydrogen content diminishes as in the conversion of formic 
acid to carbon dioxide. Everything that has been said about 
hydrogen depolarization applies to depolarization of oxygen. 
The reversible potentials at which many oxidations take place 
are generally much nearer to the potential required for free 
oxygen evolution than are the corresponding values for hydrogen. 
Oxygen evolution potentials in electrolytic oxidation may be 
reached at relatively low e.d. The yield of oxidized product 
then falls below 100 per cent. The anodic, polarizalion may then 

10 Z. Elektrocham 4 , 500, 577 (1898); Z. pfujaik. Ckcm. y 32 , 27i (1900); 
Z. angew, Chem ., 1900, 433. 

11 Z. Elektrochcm 7, 133 (1900). 
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slowly increase as the result of rising oxygen overvoltage. Such 
high oxidizing potentials may be reached that organic depolariz- 
ers may be oxidized more than desired. Low yields of the 
products may result. 

The variables of c.d., temperature, concentration, electrodes, 
and other factors have effects similar to those produced in 
cathodic reduction. The OH - ion concentration determines the 
potential at which oxygen evolution can begin. This is higher 
in acid solution. Oxidation of difficultly oxidizable substances 
is best carried out in acid electrolytes. The OH - ion concen- 
tration may actually alter the nature of the substance being 
oxidized. If it be an acid and the anolyte made alkaline, the 
anion of the acid will be submitted to oxidation. If, however, the 
anolyte be acidified by a strong mineral acid, the depolarizing 
acid if not a strong one will be present largely as undissociated 
molecules. The results of oxidizing anion and undissociated 
ahid can sometimes be very different. 

The importance of the nature of the electrode material can be 
seen from the table of oxygen overvoltages. The electrode may 
be of use because of its oxygen overvoltage on the one hand, or 
on the other because of its catalytic influence on the reaction 
between oxygen and depolarizer. Materials difficult to oxidize 
necessitate the use of electrodes with high oxygen overvoltage 
and a high c.d. An example of the catalytic effect of the anode 
may be seen in the oxidation of iodic (HI0 3 ) to periodic acid 
(HIO4). Muller and Triedberger 12 have shown that a current 
efficiency of 100 per cent may be obtained at an anode of PbO a 
and only 1 per cent at a smooth platinum anode. Similar 
effects of the PbC >2 anode are noted in the oxidation of Cr +4 ~ + to 
Cr0 4 - 

So-called “oxygen carriers/ 7 such as cerous sulphate [Ce 2 (S0 4 ) 3 ], 
as additions to the electrolyte may have important effects on the 
efficiency of electrolytic oxidation. The cerium salt can bo 
rapidly oxidized anodically to the ceric form which oxidizes 
many organic substances. In copper refining the anodic oxida- 
tion and cathodic reduction of iron salts have a very important 
effect on the efficiency of refining, markedly reducing the current 
and energy efficiency when these are considered from the view- 
point of copper deposition. 

12 Ber., 36 , 2655 (1902); Muller, Z. Elektrochem., 10 , 61 (1904.) 
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Organic Electrochemistry.— An extensive 
built up on organic electrochemistry, 13 but only very 1 
in this field have found commercial application. In electrolytic 
oxidation or reduction of organic compounds, the material to be 
oxidized or reduced is usually the depolarizer. Organic com- 
pounds are too poor conductors to be used without an added 
electrolyte. It is difficult to regulate the electrode potential 
for any one reaction so that all the oxygen at the anode or 
hydrogen at the cathode is absorbed by the depolarizer. The 
amount of oxidation or reduction is a function of the nature of 
the depolarizer, the c.d. at the anode or cathode (because of its 
influence on the rate of gas evolution), the concentration of the 
depolarizer, its diffusion, mechanical effects such as stirring, 
catalytic influence of added compounds, temperature, the nature 
of the anode material, and the solvent. 

The literature on electroorganic chemistry is in a very coix- 
fused state. '- Swann concludes that “electroorganic methods 
compare favorably with purely chemical methods for syntheses 
involving coupling, oxidation, halogenation, and reduction.” 14 
Swann tabulated the organic preparations which give yields 
equal or superior to those obtained by purely chemical methods. 
His original paper should be consulted. A few examples of 
electrolytic oxidation or reduction of organic compounds will be 
discussed. 

The usefulness of the electrolytic method for the preparation 
of organic materials is limited by the solubility of the depolarizer. 
McKee and his coworkers 15 found that organic depolarizers will 
dissolve to an appreciable extent in the concentrated solutions 
of alkali metal aromatic sulphonates, and this extended the 
possible scope of electrolytic reduction of organic compounds. 
The industrial possibilities of electroorganic reduction are 
pointed out by Swann. 16 

A suspension of anthracene in H 2 S (>4 may be anodically 
oxidized at a platinum anode to anthraquinone. In the presence 

13 Brockman, “ Kleetro-organie Chemistry,” John Wiley & Sons, Inc., 
New York, 1926. 

14 Trans. Electrochem . Roc., 69, 287 (1936). 

15 McKee and Brockman, Trans. Electrochem. Roc., 62, 203 (1932); 
McKee and Gerastopolou, ibid ., 68, 329 (1935). 

16 I ml. Eng. Chan., 29, 1339 (1937). 
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of carriers such as cerium, vanadium, or chromium salts, the 
efficiency of the operation is markedly improved. The cerium 
salt is anodically oxidized and in turn oxidizes the anthracene. 
Chromic acid, when employed, is commonly regenerated exter- 
nally. The commercial details of the process are tabulated 
below, in Table XIII. 

Table XIII. — Organic Oxidation Products 


Raw material. 

Product 

Anolyte 1 

Catholyte 1 

Catalyst or carrier 

Temperature, °C 

Anode e.d., amp. /sq.ft 

Cathode c.d., amp. /sq.ft.. . . 

Voltage 

Current efficiency, per cent. 

Tank 

Diaphragm 

Diaphragm, voltage drop. . . 
Material yield, per cent .... 
Energy, kilowatt-hours per 
lb 


Anthracene Nitrobenzene 

Anthraquinone Para-ami nophenol 

Anthracene suspended 81-82 per cent H 2 SO 4 


in 20 per cent H 2 SO 
Same as anolyte 

2 per cent Ce(S 04 )a 
70-100 
46-47 

2. 8-3. 5 
100 

Lead-lined steel 
None 


Nitrobenzene in 91 per 
cent H 2 SO 4 

30-40 

27.9-37 

8 

25 

Unglazed porcelain 
4 

40-50 


9. 1-1 1 .4 


1 That portion of the electrolyte surrounding the anode in anolyte; around the cathode, 
catholyte. 

Para-aminophenol was made in the United States on a fairly 
large scale during the World War by Thatcher’s method, by 
the reduction of nitrobenzene in concentrated H 2 S0 4 solution at 
platinum cathodes. 17 The actual reduction product is phenyl- 
hydroxylamine, which, as the result of intramolecular change, is 
converted into para-aminophenol according to the reaction: 


NT To 

c 6 h 5 -no 2 • 

"'Oil 4 


The details of the commercial practice are tabulated in Table 
XIII. 

17 McDaniel, Schneider, and Ballard, 'Trans. Am. Elrclrochrm Roc. , 
39,441 (1921). 
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Fig. 15.— -Mannitol and sorbitol from glucose. ( Courtesy Chm. & Met. Eng.) 
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The hexahydric alcohols sorbitol and mannitol, CgH6(OH) 6 , 
are produced by electrolytic reduction of dextrose or cerelose. 
The manufacturing method is given in the flow sheet in Fig. 15 
and the operating details in Table XIV. The practice follows 
that outlined in the Creighton patents, 18 while Fig. 16 shows a 
typical cell room. 

The electrolytic action in the cell is quite simple. The water 
in the two electrolyte solutions is decomposed by the current to 


Fig. 16. — Cell room for electrolytic reduction of glucose to sorbitol. (Courtesy 

Atlas Powder Co.) 

liberate at the cathode nascent hydrogen, which reduces the 
glucose to sorbitol and mannitol, and at the anode nascent 
oxygen, which forms lead peroxide. This latter compound is 
recovered as a by-product of the process. 

The process does not yet lend itself to continuous operation; 
so all equipment and materials handling facilities are designed 
for batch work. Purified glucose, the chief raw material, is 
dissolved in distilled water to give a concentrated solution. The 

18 U.S. Patents 1,612,361 (1926); 1,653,004 (1927); 1,712,951 (1929); 
1,712,952 (1929); 1,990,582 (1935). 
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glucose solution is made alkaline by sodium hydroxide, and 
sodium sulphate is added to raise its electrical conductivity. 


Table XIY. — Soebitol and Mannitol 


Raw material Purified glucose. NaOH and Na 2 S0 4 

are added to alkalize and to bring 
electrical conductivity up to require- 
ments 

Anolyte Dilute -H 3 SO 4 solution 

Catholyte Glucose solution 

Temperature Room 

Current D.c. supplied by 4 motor-generator sets, 

5,000 amp. at 20 volts 

Anode material Pure lead 

Cathode material Pb-Hg amalgam 

Diaphragm material Unglazed porcelain 

Cells: 

Material Glass- or rubber-lined equipment 

Number ’. 12 

Size 13 X 6 X 3ft. 


Number anodes, cathodes 35, 36 


Baffles 


Between every group of 6 pairs of elec- 


trode plates 


The solution is pumped to the electrolytic cells. Each cell 
consists of an open-top rectangular tank about 13 ft. long, 6 ft. 
wide, and 3 ft. deep, in which are suspended, alternately, 35 
anodes and 36 cathodes, each of which is in the form of a rec- 
tangular plate with dimensions corresponding to the width and 
depth of the tank. The anode is of pure lead, while the cathode 
is a lead-mercury amalgam, the lead serving merely as a holder 
for the mercury electrode. Completely surrounding each anode 
is a diaphragm of unglazed porcelain which encloses the dilute 
H2SO4 anolyte and keeps it apart from the glucose solution which 
servos as the catholyto. 

Electrolytic Reduction and Oxidation Applications. — Rela- 
tively little application has been made of electrolytic reduction 
processes. At one time such a method was applied to the reduc- 
tion of galena or PbS ores in a H 2 S0 4 solution. The operation 
was carried on for a while on a large scale at Niagara Falls. 19 
The manufacture of chromous salts by electrolytic reduction has 
been suggested and methods worked out.* >0 Similar suggestions 

19 Salom, Trans. Am. Electrocheni. Sac., 1, 87 (1902); 4, 101 (1903). 

20 Boihringer and Sohne, German Patent 3 15,4(33 (3899). 
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have been made in connection with sodium hyposulphite, com- 
monly called “hydrosulphite” (Na 2 S 2 0 4 ), by the electrolytic 
reduction of NaHS0 4 or of sulphites . 21 

Persulphate s. — The manufacture of persulphates, such as 
ammonium persulphate, is complicated by many factors. Two 
peracids of sulphur exist; viz., the permonosulphuric acid or 
Caro’s (H 2 SO 5 ) and perdisulphuric acid commonly called 
persulphuric acid (H 2 S 2 08). The ammonium persulphate of 
commerce is the salt of the latter acid, having the formula 
(NH 4 )2S 2 08. 

When an aqueous solution of fairly concentrated H 2 S0 4 is 
electrolyzed between platinum electrodes using a high c.d. at the 
anode, H 2 S 2 0 8 is first formed by the discharge of the HS 0 4 ~ ions, 
in accordance with the equation 

2 HSO 4 - + 2© = H 2 S 2 0 8 

In the presence of H 2 S0 4 , however, this acid is not very stable 
and changes more or less quickly, depending upon the concentra- 
tion of the H 2 SO 4 , into H 2 S0 6 , as shown by the equation 

H 2 S 2 O s + H 2 0 = h 2 so 5 + h 2 so 4 

The H2SO5 can then undergo further decomposition with the 
production of H 2 0 2 

H 2 SO 5 4- H 2 0 - H 2 SO 4 + H 2 0 2 

The two acids are readily distinguished from H 2 C ) 2 by the fact 
that they do not decolorize permanganate or give rise to the 
characteristic colorations produced by H 2 () 2 with titanium salts, 
or with chromic acid; but it is more difficult to differentiate 
them from each other in aqueous solution. 

Sulphuric acid of a density of 1.39 to 1.4 gives a maximum 
yield of H 2 S 2 0s. The influence of anode c.d. is shown in Tig. 17, 
obtained with an acid density of 1.38 at temperatures of 8 to 
10 °C., the duration of electrolysis being 50 min. 

The temperature at which the electrolysis is done is very 
important. A rise of temperature diminishes the yield which 
becomes practically zero at 60°, the H 2 S tt O« decomposing as 

21 Jellinek, Z. Elektrochem ., 17, 245 (191 1 ) ; Badi.sehe Anilin innl Sodu- 
fabrik, German Patent 276,058 (1912). 
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fast as it is formed. Cooling the anode has a favorable effect 
as far as increasing the current efficiency is concerned. The 
presence of small quantities of many metallic sulphates, especially: 
those of ammonium, potassium, nickel, and aluminum, favors the 
formation of H 2 S 2 O 8 . The addition of a drop of concentrated 
HC1 increases the yield from 46 to 69 per cent. 

In the commercial preparation of (NH4) 2 S 2 08, the electrolyte 
is either a saturated solution of purified (NH 4 ) 2 S0 4 or else an 
almost saturated solution of this salt made acid with H 2 S0 4 . 

Temperature-Deg. C. 

10 7.0 30 40 



Fig. 17. — Anode c.d. and temperature effects in persulphate formation. 

The electrode materials are platinum anodes in the shape of 
either sliced, gauze, or wire, alone or held in a frame of a metal 
such as zinc; or sometimes tantalum plated or coated with plati- 
num, often in the form of flattened wire*, while cathodes are 
generally load, either in the form of the tank lining or coils of 
pipe, or cast sections of lead which may be water-cooled, or in 
some cases aluminum. Current densities are of the order of 
280 to 465 amp. per sq. ft. (30 to 50 amp. per dm. 2 ), with e.m.f. 
of 6 to 7 volts. It is general practice to add 0.2 per cent of 
K 2 Cr 2 07 or K 2 CK) 4 to the electrolyte to reduce cathodic reduc- 
tion of the persulphate formed. Commercial cells vary con- 
siderably in size, from units as small as 250-amp. capacity to as 
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1-arge as 1,500-amp. experimental units. Larger ones have been 
proposed, but anode arrangements and mechanical difficulties in 
securing proper placement and rigidity of anode surface cause 
trouble. The tanks themselves are of either cement or wood 
with lead linings or of chemical stoneware. Cooling of the 
electrolyte is done either in a system in which the electrolyte is 
continuously circulating and the (NH 4 ) 2 S 2 O s being produced is 
continuously removed (the liquor being cooled outside the cells 
in holding tanks) or the liquor is cooled by the use of lead cooling 
coils which are made part of the cathode surface in the tank. 

It has been found practical in commercial operation to allow 
the temperatures to rise as high as 30°C. without appreciable 
lowering of current efficiency. Temperatures higher than this 
markedly decrease the current efficiency, and lower temperatures 
increase it. Ammonium persulphate begins to decompose at 
40°C. The effect of temperature on the yield is shown in 
Fig. 17. 

Large cells are roughly 8 ft. 6 in. long, 3 ft. 2 in. to 4 ft. 3 in. 
high, and 3 ft. 2 in. to 4 ft. 10 in. wide (2.6 m. long, 1 to 1.3 m. 
high, 1 to 1.5 m. wide), operating at 1,500 amp. The energy 
requirements in medium-size cells — that is, 50(f- to 750-amp. 
capacity — are of the order of 2.1 to 2.5 kw.-hr. per kg. (NH 4 ) 2 S 2 0 8 
produced (0.95 to 1.1 kw.-hr. per lb.), with poorer operation and 
continuous running under average control tending toward the 
higher figure rather than the lower one. 

Perborates. — The electrolytic cells for the manufacture of 
sodium perborate have not as yet been developed to as large 
a size as those for ammonium persulphate and potassium per- 
chlorate. The perborates differ from the persulphates in that 
they are most readily obtained from the borates by direct inter- 
action with H 2 0 2 or with the peroxides of the alkali metals, and 
not by the electrolysis of solutions of the borates. The best 
known salts are derivatives of metaboric acid, HO-B:0. Since 
they are very readily hydrolyzed in aqueous solution, with the 
formation of H 2 0 2 , their constitution may bo represented as 
MO'OBrO, where M is a univalent metal. 

Sodium perborate, NaB0 3 -4H 2 0, is readily obtained when a 
saturated solution of borax containing an equivalent quantity 
of NaOH is treated with an excess of H 2 0 2 (double the amount 
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necessary for the production of NaB0 3 ). After some time large, 
transparent, prismatic crystals of the salt separate. 

Na 2 B 4 07 + 2NaOH — f- 4H2O2 == -}~ 5H 2 0 

Anodes and anode arrangements as well as anode materials 
are the same as for persulphates. Current densities are lower 
than in the case of persulphates, being of the order of 140 to 186 
amp. per sq. ft. (15 to 20 amp. per dm. 2 ). Low current concen- 
trations are necessary, which means that there is a relatively 
large volume of solution. Cathodes are either tin tubes, which 
are cooled, or tin plates, although -in some cases zinc and alumi- 
num have been used. Cathode c.d. are of the order of 46 to 
93 amp. per sq. ft. (5 to 10 amp. per dm. 2 ). In some cases lead 
has been successfully employed, either in sheet form or in the 
tube form, as anode. In Europe magnetite anodes have been 
used. They may last 2 to 3 years but are useful only for low c.d. 
of the order of 18 to 28 amp. per sq. ft. (2 to 3 amp. per dm. 2 ). 
They are difficult to handle, fairly fragile, and necessitate rather 
close control. The electrolyte cells or tanks have been con- 
structed of wood such as cypress which has been previously 
treated with ^ waxes, creosotic materials, or other impregnating 
agents to increase their life. Yoltages across the cells are 7 to 7.5, 
the power conshmption per kilogram of ISTaBOg being of the order 
of 6 to 6.5 kw.-hr. (2.7 to 3 kw.-hr. per lb.). A common electro- 
lyte consists of 40 g. Na 2 B4O 7 T0H 2 O (borax) per liter, 140 g. 
Na 2 C0 3 per liter, 2 g. Na 2 Cr 2 07, which amount is at times 
decreased and at other times slightly increased, depending upon 
losses due to cathodic reduction, and, depending upon the par- 
ticular plant practice, small additions of Na 2 SiOa or colloidal 
substances like glue and Turkey red oil may be added to the 
electrolyte. 

Liquors are circulated through the cells, continuously filtering 
out the crystalline NaBOs which precipitate's in the cells. In 
the simplest type of arrangement, liquor is fed from a refrigerat- 
ing tank to the cells, passing through them to the outside, and 
on to a filtering surface of either asbestos sheet, in some cases 
fused alumina, or filtros, the liquors then passing to holding 
tanks where their composition is adjusted by the addition of 
borax, Na 2 C0 3 , and sometimes NaHCOg because of C0 2 losses. 
From the holding tank the liquor passes through the refrigeration 
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tank for another cycle of circulation. In the simplest form of cir- 
culation system, anolyte and catholyte may be kept separate by 
the use of a diaphragm in the cell, and separate outlets for anolyte 
and catholyte are provided. Modem cells are not provided with 
diaphragms and both sides of the anode surface are effectively 
used. 

Hydrogen Peroxide. — Hydrogen peroxide is produced by the 
distillation of per compounds such as persulphuric acid produced 
by electrolysis and distilled in vacuo with the formation of H 2 0 2 
and H 2 SO 4 which is reelectrolyzed. Ammonium persulphate 
may be produced electrolytically, decomposed with potassium 
bisulphate or H 2 SO 4 to give H 2 0 2 . In a third method ammonium 
persulphate is prepared electrolytically and decomposed under 
vacuum with the production of ammonium bisulphate solution, 
which is returned to the electrolytic cells. Skirrow and Stein 22 
studied the distillation of recrystallized electrolytically produced 
potassium persulphate with H 2 S 0 4 for the production of H 2 0 2 . 

Permanganates. — Manganates are made by heating KOH and 
finely ground Mn0 2 in air according to the reaction 

MnO s + 2 KOH + O = K 2 Mn0 4 -f H 2 0 

The reaction does not go to completion, and there is always some 
unchanged KOH. The manganate is dissolved, filtered, and 
oxidized to permanganate either by means of chlorine and H 2 S0 4 , 
or C0 2 , or electrolytically according to the reactions 

2K 2 Mn0 4 + Cl 2 = 2KC1 +• 2KMn0 4 
3K 2 Mn0 4 ~t~ 2CO a ^ 2 KMn 0 4 — h 2 IC 2 OO 3 -f~ ]\ln 0 2 

or by anodic oxidation 

2 Mn0 4 -f O H 2 0 = 2MnOr + 20H~ 

The electrolytic production of permanganate from man- 
ganates was studied by Askenasy 23 whose results are summarized 
in Table XV, column 1 . 

Lorenz 24 has shown that permanganates may be made by the 
anodic oxidation of manganese or ferromanganese anodes in a 
NaOH or KOH elcctrolyt e. The iron is oxidized and with part 

22 Trans. Am. Elecirochem. Soc., 38, 209 (1920). 

23 Tech. Elecirochem., 2, 72 (1910). 

24 Z. anorg. Chem., 12, 393 (1890). 
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of the manganese forms anode mud. Oxide scales which insulate 
the anode are formed in KOH solutions, but with K 2 C0 3 this does 
not happen if the temperature be maintained at 40°C. or below. 
When 75 per cent Mn ferroalloys are used, about 60 per cent 
of the manganese is converted into permanganate. The yield 
of KMn0 4 decreases with decrease in manganese content of the 
anodes, and under 40 per cent Mn there is no yield of KMn0 4 . 
Cobalt is the only harmful impurity, a 2 per cent content in the 
anode completely preventing the formation of permanganate, 
Wilson, Horsch, and Youtz 25 studied the use of ferromanganese 
in a K2CO3 electrolyte. Their results are tabulated in Table XV, 
column 2. Desmet 26 gives typical figures for the operation of 
commercial plants producing permanganates from manganates 
in column 3. 

Silicomanganese has been proposed as a substitute for ferro- 
manganese in that this material as an anode disintegrates 
more readily and is less liable to become coated with an insulat- 
ing layer. 27 

Ferricyanides. — Electrolytic oxidation has to some extent 
displaced chemical oxidation of ferrocyanide to ferricyanide by 
chlorine according to the reaction 

2K 4 Fe(CN) 6 + Cl 2 = 2K 3 Fe(CN) 6 ~f 2KC1 

because of the difficulty in separating the ferricyanide and KCL 
Electrolytic oxidation is according to the reaction 

2K 4 Fc(CN) fl + O + H 2 0 = 2K 3 Fe(CN) 6 +- 2IvOH 

and takes place with a high current efficiency when a diaphragm 
is used to prevent cathodic reduction of the ferricyanide. Film- 
forming additions such as chromates are not useful in this 
respect. Grube 28 used a saturated solution of Iv 4 Fe(CN) 6 as 
an anolyte and either a half-saturated solution or dilute IvOH as 
catholyte, the two being separated by an unglazed porcelain 
diaphragm. Grubc\s results are summarized in column 4 of 
the same 1 table. The anode material had little effect on the 
current efficiency or the point at which oxygen evolution started. 

25 J. TmL Eng. Chcm. y 13, 703 (1921). 

26 Ind. chim. beige , 8 (2), 109 (1937). 

27 French Pat. 075,477. 

28 Elektrochem., 20, 334 (1914). 
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1 Tech. Ekctrochem ,, 2 , 72 ( 1916 ). 

2 J. Ind. Eng. Chem., 13, 7C3 (1921). 

3 Ind. chim. beige, 8, Xo. 2, 169 (1937 

4 Z. Elektroehem., 20, 334 (1914), 

5 J. Phys. Chem., 24, 230 (1920). 
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Brown, Henke, and Miller, 29 using graphite anodes and dia- 
phragms, obtained a 96 per cent current efficiency, with the 
production of pure ferricyanide. Their results are tabulated in 
column 5. 

Regeneration of Chromic Acid. — Chromic acid is used as an 
oxidizing agent in the preparation of many organic compounds, 
being reduced to chromium salts which in some cases are thrown 
away and in others regenerated by electrolytic oxidation. In the 
latter case, a typical solution containing the equivalent of 100 g. 
per liter H 2 Cr0 4 as sulphate and 350 g. per liter of H 2 S0 4 is 
electrolyzed with lead electrodes in a lead-lined tank divided by a 
diaphragm. The anodes become covered with PbCh, and H 2 Cr0 4 
is formed in the anolyte according to the equations 

2Cr 3 + + 30 + 3H s O = 2Cr 6 + + 60H“ 

2Cr 6+ + 160H- = 2Cr0 4 + 8H 2 0 

In spite of the fact that the voltage at a given c.d. is higher with a 
platinum than with a lead electrode in a H 2 Cr0 4 -H 2 S0 4 solution, 
the reaction does not take place on smooth platinum anodes. 
In this case, however, the presence of a small amount of lead 
salt in solution catalyzes the reaction. The current efficiency 
is 70 to 90 per cent at 3.5 volts per cell. Hydrogen is liberated 
at the cathode and H 2 S0 4 concentrates at the anode. The 
anolyte solution is used directly for oxidation. It is then 
circulated through the cathode compartment where the concen- 
tration of H 2 S0 4 is reduced, after which it passes to the anode 
for oxidation and the cycle is repeated. A large amount of 
experimental work has been done on the electrolytic regeneration 
of H 2 CrO 4 . S0 

Thompson* 1 has suggested that a large amount of S0 2 produced 
in roasting sulphide ores might be used to depolarize insoluble 
anodes in electrowinning operations. The S0 2 is oxidized to 
H 2 S0 4 and the cell voltage reduced. 

29 J. Phys. Chem ., 24, 230 (1920). 

30 LeBlanc, Z. Elektrochem ., 7 , 290 (1901); Askenasy and R£vai, 
Z. Elektrochem 19 , 344 (1913); Thatcher, J. Soc. Chem. Ind., 40 , 328 It 
(1921); McKee and Leo, J. Ind. Eng. Chem., 12, 16 (1920). 

31 Thompson, Thompson, and Sullivan, Met. Chem. Eng., 15, 677 (1916); 
18,178(1918). 
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Electrolytic White Lead. — The greatest development in the 
white lead industry occurred with the introduction of the Sperry 
process for its electrolytic production. This process employs a 
bifluid cell whose lead anode and iron cathode are separated by a 
linen diaphragm. Solutions of sodium acetate containing sodium 
carbonate form the electrolytes. The anolyte contains the 
exact amount of carbonate necessary to precipitate the white 
lead. This concentration is maintained by feed from the 
catholyte in which there is a relatively large amount of carbonate. 
As the lead dissolving from the anode surface roprecipitalos as 
basic carbonate in the anolyte, the passage through the partition 
of CO3 ions from the catholyte counteracts the carbonate loss, 
maintaining a constant concentration in the anode compartment. 
The process continues in this manner, producing a compound 
of uniform composition and brilliant white color. Both electro- 
lytes are circulated rapidly, the composition of the anolyte 
remaining unchanged. As the catholyte passes through the 
cell, it gives up the required amount of CO 3“ ions to the anolyte, 
then flows through a CO 2 absorption tower to be brought back 
to its original composition. White load, suspended in the 
anolyte, is continuously removed by settling and filtration, the 
clear electrolyte returning to the cell. The anode is ordinarily 
of lead from which any silver content has been, removed. Its 
degree of purity has no bearing upon the purity of the resultant 
white lead, since any metals present other than lead do not 
dissolve with the latter but form a slime on the anode surface. 
This is cleaned off periodically, and the collected mass is treated 
for the recovery of the various metallic constituents. 

The plant of the Anaconda Lead Products Company at Past 
Chicago, Ind., is a typical one with a capacity of 28 tons of dry 
white lead every 24 hr. The electrolytic cells used at that 
plant, 49 in a single cell room, are shown in Fig. 18. Fach eel I is 
equipped with 18 anodes connected in parallel, the colls being 
joined in series. Approximately 3.5 volts per coll are used. 
The anodes at this plant are lead plates 30 j 2 by 21 by 1 in. 
weighing about 250 lb. each, with projecting lugs at flu* upper 
corners. They are suspended in the cell with one lug resting on 
a busbar, the cell being a concrete tank with a hopper bottom 
which leads to an inverted siphon discharge*.. The cathodes an* 
steel sheets 3".V2 bi. thick. .Each one is enclosed in a casing of 
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heavy linen supported by a hard-rubber frame. The electrolyte 
is fed to each cathode compartment by means of a separate tube. 
Hydrogen is liberated at the cathode and NaOH generated. 
The solution circulates around the cathode, discharging at the 
top to be pumped through a carbonating tower where the NaOH 
is reconverted to carbonate, and the cycle is repeated. The 
anolyte enters the cell through submerged pipes, circulates about 
the anodes, and flows out at the bottom of the cell with its quota 



Fiq. 18. — Electrolytic cells in white-lead plant of the Anaconda Lead Products 
Company. ( Courtesy American Hard Rubber Company .) 


of precipitated white lead. The discharge of all cells is pumped 
to thickeners, the clear liquor returning to the cell. The thick- 
ened pulp contains about 30 per cent white load. It is now 
filtered, the solution being removed by a series of countercurrent 
washes and returned to the anolyte system. The lead compound 
is washed in hot water to remove any soluble salts, and is them 
pumped along with the water to a filter where the moisture is 
decreased to 35 per cent. It goes next to a drier with an alumi- 
num steam-jacketed hearth, after which it. is pulverized, packed, 
and barreled for market. Since the particle size is determined in 
the original precipitation, the pulverizing operation merely 
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crushes small lumps that may have been formed in the drying 
stage, and also, by means of heated air, removes any lingering 
moisture. 

Lead of practically any composition may be used for anodes 
in this process without affecting the purity or quality of the white 
lead produced. Metals other than lead in the anodes are 
recovered in the form of a slime which adheres to the anode 
surface, recovery being effected by removing the anodes at 
regular periods and scouring the surface clean. The frequency 
of removal is determined by the amount of slime-forming 
material present and is based on two considerations : the increase 
of internal resistance of the cell and consequent power loss with 
accumulation of slime, and the insoluble anode action of an 
electrode coated with slime, resulting in the decomposition of 
sodium acetate. Desilverized common lead of the average 
composition Ag 0.20 oz. per ton, Pb 99.87 per cent, Sb 0.008 per 
cent, As 0.0005 per cent, Cu 0.0004 per cent, Zn 0.0029 per cent, 
and Bi 0.111 per cent is used. The slime produced from anodes 
of this lead runs Ag 23.0 oz. per ton, Pb 66.17 per cent, Sb 1.2, 
As 0.08, Cu 0.06, Zn 0.40, Bi 10.35. The lead in the slime is 
present largely in the form of white lead, held mechanically by 
the slime, the remainder as metallic sponge, scoured from the 
surface of the anode by the washing operation. 

Typical operating data are given in Table XVI. 

Table XVI. — Electrolytic White Lead 1 

Current : 

Current density, amperes per square foot 
cathode 30 

Voltage per tank 3.50 

Current, kilowatts per generator 864 

Current efficiency, per cent 97 

Kilowatt-hours per ton white lead 450-500 

Anolyte : 

Composition Sodium acetate with a small 

amount of NusjCOj* 

Temperature, degrees centigrade 40 

Circulation, gallons per minute 16—18 

Anodes : 

Composition Pb 99.87 per cent, Sb 0.012, 

As 0.0005, Cu 0.0004, Zn 
0.0029, Bi 0.111 ; Ag 0.29 oz. 
per ton 

1 Bowman, Trans. Am. Inst. Mining Met. JhJnyrs., 73, 1H5 
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Table XVI. — Electrolytic White Lead. 1 — ( Continued ) 

Length, width, thickness 30 M X 21 X 1 in. 

Weight, pounds 250 

Mode of suspension Cast lugs 

Life, hours 85 

Pounds scrap 75 

Percentage scrap 30 

Catholy te : 

Composition Sodium acetate with large 

amount of Na 2 C 0 3 

Circulation, gallons per minute 3.5 

Cathodes: 

Material Steel plate 

Length, width, thickness 31 X 22^4 in. X 16 gage 

Mode of suspension Side and bottom supports 

Diaphragms Heavy linen duck 

Deposition tanks : 

Length, width, depth 54 X 2414 X 33j?4 in., hopper 

bottoms 

Material of construction Reinforced concrete 

Number anodes, cathodes 18, 19 

Anode slime: 

Percentage anode 0.4 

Composition Ag 33.3 oz. per ton; Pb 66.17 

per cent, Sb 1.86, As 0.08, 

Cu 0.06, Zn 0.40, Bi 10.35 

Removed Every 12 hr. 

White lead : 

Thickener feed, percentage solids 0.50 

Thickened pulp, percentage solids 25.0 

Washed filter cake, percentage solids 55.00 

Dried product, percentage moisture 0.20 (max.) 

Drier temperature, max., degrees centigrade 120.00 

Analysis Total Pb 80.14, total C0 2 11.35 

1 Bowman, Trans. Am. Inst. Mining Met. Engrs., 73, 140 (192G). 


The flow shoot in Fig. 19 gives the operations. The current, 
efficiency of the cell itself is practically 100 per cent. Actual 
figures over a long period indicate' 97 per cent which includes 
busbar losses and mechanical loss of product, etc. Voltage 
and pounds of white lead per kilowatt-hour vary with the 
capacity at which the plant is operated and the temperature 
of the electrolytes. As examples, the following figures may be 
quoted 32 each vertical column representing one set of conditions: 

32 Private communication from T. H. Donahue, Anaconda Load Products 
Company. 
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i 

II 

Current density, amp. per sq. ft. 

30 * 

10 

Electrolyte temperature, deg. C.. 

40 

53 

Cell voltage 

3.50 

2.00 


Cadmium Yellow. — Cadmium yellow of a brilliant and per- 
manent color has been experimentally produced clectrolytically 33 
in a two-compartment cell. Ferrous sulphide served as the 
source of sulphur, and the electrolyte was a weakly acid solution 
of an alkali sulphide. The cell voltage was 0.2 to 0.5. A finely 
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divided iron powder was produced as a by-product. Thu CMS 
was precipitated in the anode compartment and the FeS dis- 
solved in the cathode compartment, while the iron and other 
metallic impurities deposited on the steel cathode as a solid 
plate or as a fine slime. Sticks of electrolytic cadmium served 
as anode. 


! Fink and Gbohvbnor, Trans. Am. Elvctrochem. Sac.. 58, 17.' (4 930). 
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Chlorates. — Sodium chlorate finds considerable application as 
a weed killer, inasmuch as out of a large number of chemical 
herbicides tested, it has been found to have the fewest disad- 
vantages. The electrolysis of halide solutions with the produc- 
tion of chlorates may be considered the result of a series of 
complex reactions dependent upon temperature, acidity, addition 
agents, anode and cathode potentials, overvoltages, as well as 
concentration of electrolyte. In the production of chlorine and 
caustic, the anodic and cathodic products of the electrolysis are 
kept separate. If, however, they are allowed to mix, hypo- 
chlorites result, as 

Cl* + 2NaOH -> NaCIO -f NaCl + H 2 0 

The hypochlorite ion, in which the chlorine has a positive 
valence of 1, may be self -oxidized to a chlorite ion, in which 
chlorine has a valence of 3, and a chloride ion, and this chlorite 
ion in turn is further oxidized by hypochlorite to a chlorate ion 
in which chlorine has a valence of 5. 

2NaOH - Cl* > NaCl HD + NaCl 
(CTO)- + ' -> (C1 S 0 2 )“ + ci- 

)- + 

If the electrolysis be considered from the starting point of NaCl 
in which the chlorine has a valence of — 1 , the valence changes 
necessary for the production of chlorate would be from —1 to -f 5, 
or a total of 6, indicating that 6 faradays per equivalent of 
chlorate would be required. 

When an alkaline solution of a halide is electrolyzed without 
a diaphragm, chlorine at the anode reacts to form hypochlorite 
ions whose concentrations increase. Inasmuch as the hypo- 
chlorous acid decreases, the chlorite ion is more readily dis- 
charged. Chlorates may be formed and oxygen evolved more 
readily than in a neutral solution and at a lower hypochlorite 
concentration. The effect is increased by the addition of more 
alkali and finally chlorate production and oxygen evolution 
consume almost all the current. With the addition of further 
amounts of alkali, oxygen evolution increases and the chlorate 
production diminishes as the result of OH" ion discharge. 

When an acid solution of an alkaline chloride is (dec* t roly zed, 
quite a different process occurs. At first the mixing of anolyte 
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and catholyte produces a hypochlorite solution containing a little 
free HCIO. If some free mineral acid be added, the HCIO 
concentration is increased as well as the oxidation of the HCIO 
by CIO - ions to produce chlorates, chlorine, and hydrogen. 
The H + ions liberated give more HCIO, and the process continues 
with the formation of chlorate in all parts of the electrolyte. The 
velocity of the reaction varies with temperature, being slow at 
20°C. but rapid at 70° or over. Temperature will have a greater 
effect on the formation of chlorate than does the CIO - ion 
discharge. One hundred per cent current efficiency without the 


Graphite L~ shaped 



Fig. 20. — Chlorate cells of the Department of Agriculture — cross section. 


evolution of oxygen at any stage of the process should be possible 
if cathodic reduction be avoided by the addition of a chromate, 
and CIO - ion discharge should be entirely prevented. Current 
efficiencies of 85 to 90 per cent can be obtained with smooth 
platinum anodes and np to 99 per cent using platinized plat inum. 
Magnetite anodes give lower efficiencies. The current- efficiency 
is materially affected by the current concentration. The chem- 
ical formation of chlorate takes place not only in the areas 
adjacent to the electrodes, but throughout the whole cell. For 
a given rate of formation of CIO - ions and a given current passing 
through the cell, increasing the volume of electrolyte increases 
the current efficiency. 

The first chlorate production in the United States was based 
on the patents of W. T. Gibbs 34 and reported by Richards. 35 
The operating data are summarized in Table XVII, column 1. 

34 U.S. Patents 665,426-7, 665,679, Jan. 8, 1901. 

35 Electrochem. Ind., 1 , 19 ( 1902 ). 
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Platinum anodes were used. These have been replaced in the 
present-day larger cells by graphite of the impregnated type. 

In general, chlorate cells are iron tanks which are often com- 
pletely or partially concrete lined. Cell voltages with graphite 
anodes and iron cathodes are lower than with platinum. The 
electrolytes usually contain some potassium or sodium dichro- 



Fi<j. 21. — Busbar arrangement of a line of chlorate cells. ( Courtesy Krebsa cfc Co.) 

mate and arc acidified and their pH controlled. Saturated solu- 
tions of chlorides are the raw materials. Some typical operating 
data are given in Table XVII, column 2, and the work of P. H. 
Groggins and his associates in their study of the electrochemical 
production of sodium chlorate 36 in the Department of Agriculture 
is given in column 3. Figure 20 shows the cross .section of 
two types of cells employed by the Department of Agriculture 
in their work. The cell design was such that anodes and eath- 

36 Chem. & Met. Eng., 44 , 302 ( 1937 ); ibid., 45 , 692 ( 1938 ). 
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odes were as close together as possible without interference. The 
operating data for the Krebs cell, the busbar arrangemexit of 
which is illustrated in Fig. 21, are given in column 4. 

The salt is usually purified to free it of heavy metals and 
magnesium and calcium compounds. These may form thick 
oxide layers on the cathode and increase the cell resistance. The 
electrolyte is always yellow due to the presence of chromate 
which aids in regulating the ion concentration of the cell so 
that rapid chemical formation of chlorate occurs. Chromates 
also passivate the iron portions of the cell. 

In commercial operation the chlorate may be formed by the 
batch method, or else the electrolyte is circulated continuously. 
In the preparation of potassium chlorate, saturation is reached, 
the solutions are allowed to crystallize, and the mother liquor, 
after resaturation with KC1, is returned to the cells. Sodium 
chlorate has greater solubility, so that solid salt or saturated 
solutions are continuously added until the chlorate concentration 
has reached about 750 g. per 1., after which it is allowed to cool 
and this product is crystallized out. In some plants, however, 
the liquors containing appreciable amounts of chlorate are 
evaporated, the NaCl precipitated out and returned to the 
cells, and the chlorate allowed to crystallize out on cooling. 

Krebs Cell. — This cell contains graphite anodes and sheet-iron 
cathodes, arranged vertically and very close together in the 
lower part of a rectangular trough. No diaphragm is employed, 
and the upper part of the tank is covered with a plate of cement 
and fiber. Saturated brine containing sodium bichromate acidi- 
fied with HC1 is circulated through the tanks continuously. 
After 20 days' operation, sodium chlorate concentration reaches 
approximately 450 g. per 1., and the electrolyte contains 120 to 
130 g. of NaCl. Cooling of the electrolyte is carried on in the 
circulation reservoir. The cells operate readily under wide 
variation in load and may float on a line to effectively use off- 
load power. 

Barker Cell. — The Barker chlorate cell of the United Alkali 
Company 37 is shown diagrammatically in Fig. 22. It consists of 
a rectangular iron tank 5 to 8 ft. long, 21^ to 4 ft. high, and 8 to 
15 in. wide. The bottom is lined with cement or concrete. Long 
cylindrical graphite anodes which have been impregnated with 

37 Barker, British Patent 173,028 (1920). 
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paraffin or synthetic resins hang from a tank cover of asbestos 
or asbestos concrete, parallel to the sides of the cell, and are 
insulated from the iron tank. Between them, and also parallel 
to the tank sides, are the sheet-iron or steel cathodes which have, 
as part of their surface, pipe sections which are employed for 
control of temperature in the cell. These are supported by 
vertical steel members which rest on the bottom of the tank. 
Electrolyte is introduced at the top of the cell through the cover 
and also overflows at the top. The anodes are connected to a 
horizontal busbar running the length of the tank. A cell of the 
size stated operates at 15,000 amp. 



Fig. 22. — Barker chlorate cell. 


Other Cells. — In the Angel cell, graphite anodes are used in a 
rectangular iron tank with ail iron- wire screen cathode. The 
anodes are flat plates, a number of lines of them being employed 
in a single container. They pass through the cell cover from 
which the cathodes depend. Current densities of 300 to 400 amp. 
per sq. m. (28 to 37 amp. per sq. ft.) at 50°C. are used, tem- 
perature control being obtained by regulation of the flow of 
electrolyte. The graphite anodes have a life of a year or more. 
A considerable space is left at the bottom of the cell to allow for 
settling of any slime or graphite particles due to disintegration 
of the anodes. 

In the Aussig cell a series of graphite anodes and iron-plate 
cathodes are arranged parallel to each other in concrete or slate 
tanks. The anodes are all electrically connected in parallel, as 
are the cathodes. Small concrete blocks are used for insulators 
between the electrodes. 

The current efficiency for KC10 3 formation is 90 per cent or 
greater, and for NaOKh 80 per cent. On the basis of a cell 
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voltage of 3.6, the energy expenditure is 2.4 to 3 kw.-hr. per lb., 
the lower figure representing more average practice. If the 
theoretical voltage be taken as 1.43, 38 the theoretical energy per 
pound of KC10 3 is about 0.85 kw.-hr. per lb. The energy 
efficiency then becomes 35 per cent on the basis of an expenditure 
of 2.4 kw.-hr. per lb. KC10 3 and less than 30 per cent when a 
figure of 3 kw.-hr. per lb. is taken. 

Perchlorates. — Perchlorates are used in the form of potassium 
and ammonium salts for pyrotechnics and explosives. Since 
sodium chlorate is so readily soluble, it is the one usually pre- 
pared by electrolysis, but, inasmuch as it is deliquescent, it is 
converted into potassium and ammonium salts by reaction with 
the corresponding chlorides. 

If the anode potential be high enough, the chlorate ion may be 
oxidized to the perchlorate with good current efficiencies. The 
valence change of chlorine is from 5 to 7, and therefore 2 faradays 
per equivalent of perchlorate are required. Neutral or faintly 
acid solutions of 60 to 70 per cent sodium chlorate are preferred 
in practice. The production of alkalinity during electrolysis 
causes a decrease in the current efficiency. Electrolyte circula- 
tion must be effective to maintain good current efficiencies. 
Operating data are given in Table XVII, column 5. 39 Cooling 
systems are employed for control of temperature either in the 
cell or in the electrolyte circulating system, as in the case with 
chlorates. French plants employ a concentrated solution of 
sodium chromate and a saturated solution of sodium chlorate 
for the successful production of perchlorates. The action is 
similar to that produced by a little chromate in the electrolyte 
during the production of chlorates. 

Perchloric Acid. — Chlorides such as HC1 may be electro- 
lytically converted to perchloric acid on a commercial scale. 40 
The operating data are given in Table XVII, column 6. The 
product of the cells containing small amounts of HG1 and chloric 
acid and between 25 and 30 g. of perchloric acid per liter was 
evaporated in fused silica to produce the 60 per cent perchloric 
acid of commerce. 

38 Luther and Abel, Z. EleMrochem ., 8, 601 (1902). 

39 Williams, Trans . Faraday Soc., 16, 134 (1920); Knibbs and Pal- 
preeman, ibid., 16, 402, 424 (1921). 

40 Goodwin and Walker, Chem. Met. Eng., 26, 1093 (1921); U.S. 
Patent 1,271,633 and U.S. Patent 931,944. 
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CHAPTER VIII 


CORROSION 

The majority of investigators would probably agree that the 
most destructive types of corrosion are those of an indirect 
electrochemical character. Except in a few instances direct 
chemical attack on metals forms reaction products on the surface 
of the metal which retard the attack more and more as the 
reaction product accumulates. Thus, when a metal is heated 
in air, it becomes covered with an oxide scale which in most 
cases tends to protect the metal from further attack, save where 
the oxide layer is porous, flakes off, or shows cracks. When the 
reaction product is either volatile or liquid, direct chemical action 
may cause marked corrosion. 

When two dissimilar metals are in contact with an electrolyte, 
a galvanic couple is formed and a potential set up. The metal 
at the higher potential will become the anode and tend to go 
into solution and will therefore corrode. The magnitude of the 
potential will affect the rate of corrosion. Galvanic couples may 
be formed in an alloy containing dispersed compounds or alloy 
constituents, or metals containing inclusions, or in two pieces 
of the same metal in contact Vlien these have had different 
thermal histories such as heat treatment or have been subject to 
different mechanical stresses due to working or fabrication. 

An electrochemical theory of corrosion was first suggested by 
Whitney 1 and Cushman , 2 based on the Nernst theory of electro- 
lytic solution pressure. If iron, for example, were in contact 
with a metal having a lower electrolytic solution pressure, the 
iron would dissolve and hydrogen would be deposited on the 
material of lower electrolytic solution pressure which would 
function as cathode. Walker 3 suggested that the quantity of 

1 J. Am. Chem. Hoc., 25, 394 (1903). 

2 U. S. Dept . Agr., Bull. 30, Office of Public Roads (1907); Proc. Am. Hoc, 
Testing Materials, 7, 211 (1907). 

3 Walker, Cederholm, and Bent, J. Am. Chem. Soc 29, 1251 (1907). 
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iron which could dissolve in water in the absence of oxygen was 
probably limited to the amount necessary to polarize the cathodic 
portions of the metal. If the water contained an oxidizing 
depolarizer or oxygen, the hydrogen could be removed from the 
cathodic portions and corrosion continue indefinitely. 

The early electrochemical theories did not explain the local 
and apparently capricious nature of corrosion. They failed to 
explain why sometimes corrosion produces in its early stages a 
compact and continuous layer which stops the attach, while at 
other times the product is of a porous or flocculent nature which 
seems to stimulate the attack. The earlier theories failed to 
account for the phenomenon of pitting. They did not show why 
corrosion should proceed more quickly at the bottom of a deep pit 
than elsewhere, for such a place would be expected to be inaccessi- 
ble to oxygen and corrosive agents. Aston 4 showed that wet 
rust promoted further rusting because it acted as a diaphragm, 
screening the underlying metal from the direct access of oxygen. 
When two pieces of iron are immersed in the same liquid and one 
is exposed to the action of dissolved oxygen and the other shielded 
from it by wet rust, the shielded electrode becomes the anode. 
Evans 5 has shown that galvanic couples may be set up by 
differential aeration of many metals. The explanation is thus 
found in the fact that corrosion takes place to a greater degree 
at those places to which oxygen has least direct access. When a 
metal is immersed in water and some parts exposed to the action 
of dissolved oxygen while others are protected, thin films of oxide 
or hydroxide are produced on the part to which oxygen has access. 
These protect or ennoble that part of the surface. Currents are 
then set up between other portions of the metal to which the 
oxygen has no access and the ennobled aerated portions. The 
former constitute the anode? and are corroded, while the latter 
are cathodic and thus comparatively immune from attack. 

An essential condition for electrochemical corrosion is sonic 
departure? from uniformity, such as in a metallic article of hetero- 
geneous character, on a coarse scale through contact of dissimilar 
metals, and on a fine scale through contact of alloy constitu- 
ents, or by the unequal access of oxygen to different parts 

4 Trans. Am. Electrochem. Sac., 29, 449 (1910). 

KT. Inst. Metals, 30 , 239 ( 1923 ); Trans. Faraday Sac., 18 , 1 , ( 1922 ); 19 , 
201 ( 1923 ); 19 , 789 ( 1924 ). 
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of the metallic article. Evans 6 explains the rusting of steel as 
follows : 

Experiments have shown that the places where oxygen concentration 
is least are anodic and suffer corrosion; thus, although oxygen is needed 
for the action, the attack occurs at places to which oxygen has no direct 
access. For instance, a drop of brine placed on a steel plate causes 
corrosion below its center; but near the edge of the drop, where oxygen 
has best access to the metal, there is no attack at all. Similarly a vertical 
steel sheet, partly immersed in brine, suffers corrosion in the lower part; 
the aerated (cathodic) zone immediately below the water level remains 
quite uncorroded for a considerable time. Here the direct action of 
oxygen will be to produce a thin oxide film over the upper part of the 
metal, and although this film would be probably incapable of protecting 
the metal if it existed over the whole surface, it will be sufficient to divert 
the corrosion on to the lower part where oxygen is deficient. This 
‘'diversion” of the attack occurs in the following way: the potential at 
the oxidized part near the water level is different from that at the 
relatively oxide free part below, and the ‘'differential aeration currents” 
set up will cause corrosion at the lower portions, yielding ferrous chloride. 
That salt, where it meets the ISTaOH from the cathodic area above, will 
interact to give Fe(OH)2, rapidly oxidizing to brown Fe(OH) s , and a 
sinuous membrane of rust will appear between the corroded and uncor- 
roded regions. 

A number of metals can protect themselves against corrosion 
either because the insoluble body which forms the primary 
corrosion product is continuous and nonporous or because 
protective films are formed in the presence of oxygen. Most of 
the corrosion-resistant materials of the self-protecting class are 
alloys containing Cr, Ni, Co, Al, or Si. Films containing these 
elements appear to afford efficient protection although there is a 
tendency for them to fail in the presence of chlorides. 

In recent years a large literature has been built up on the 
subject . 7 

6 Chemistry and Industry , 45 , 504-508 (1926). 

7 Calcott, Whetzel, and Whittaker, Corrosion Tests and Materials of 
Construction, Trans. Am. I7ist. Chem. Engrs ., Part 1, 15 (1923); Hamlin 
and Turner, "Chemical Resistance of Engineering Materials,” Chemical 
Catalog Company, Inc., New York, 1923; Speller, "Corrosion: Clauses and 
Prevention,” McGraw-Hill Book Company, Inc., New York, 1926; Evans, 
"The Corrosion of Metals,” Edward Arnold & Company, London, 1924; 
Chem. & Met. Eng., 36 , 521-584 (1929); Trans. Am. Inst. Mining Met. 
Engrs., Inst. Metals Division, 1929; Ravdon, "Protective Metallic Coat- 
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Commercially, surfaces of boilers, condensers, locomotives, 
power-plant equipment, and other metal structures, in which 
electrochemical corrosion may set in, are protected by the 
application of externally generated e.m.f. to anodes installed in 
the equipment and insulated from the surfaces to be protected 
which are made cathode in the electric circuit- The surfaces 
being protected are maintained in a completely polarized con- 
dition. In some cases very thin platings of arsenic may be 
employed on the portions made cathode. 

Reversed Corrosion. — Fink and Eldridge, 8 in connection with 
the restoration of antique bronzes, have shown that corrosion 
can be reversed. The red, green, or brown layers on ancient 
bronzes are composed chiefly of copper, lead, and tin minerals in 
the articles which have been attacked by the nitrates and nitrides 
of the soil in which they have lain, forming a crust of copper 
oxychlorides and oxycarbonates and tin oxide. A layer of 
copper oxide lies beneath this crust, often covering a core of metal. 
Sometimes the entire mass of bronze is converted to these com- 
pounds, leaving none of the original metal in the specimen. Fink 
and Eldridge found that the details of design in the original 
bronze were exactly reproduced in the layer of copper oxide 
which lies beneath the outer crust. Their fundamental idea was 
to replace cathodically the metal that had gone into the crust, 
since corrosion is generally conceded to be an electrolytic reaction. 
Experiments determined that the use of a 2 per cent solution of 
caustic soda as electrolyte was the safest for this purpose. The 
corroded object, without any preliminary cleaning, is hung 
in this bath as cathode, totally immersed. If the specimen be 
particularly soft as a result of attack, it is often necessary to wind 
it in several coils of fine annealed copper wire, or pack it in white 
sand. Anodes of iron, Duriron, or platinum are hung on either 
side of the article. The container is generally a glass jar, 
although largo tanks of heavy sheet iron or stoneware may be 
used, depending upon the size of the bronze. Low c.d. are 

mgs,” Chemical Catalog Company, Inc., New York, 1928; McKay and 
Worthington, “Corrosion Resistance of Metals and Alloys,” Reinhold 
Publishing Corporation, New York, 1936; Burns and Schuh, “Protective 
Coating for Metals, ” Reinhold Publishing Corporation, New York, 1939. 

8 “First. Report on the Restoration of Ancient Bronzes and Other Alloys,” 
Metropolitan Museum of Art, New York, 1925. 
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preferred. The evolution of hydrogen at the cathode will alter 
the crust to a powdered or spongy copper. When the gas is 
freely given off, the object is removed from the bath and washed 
by soaking several times in warm water. The film of reduced 
copper is brushed from the specimen, provided the latter were of 
hard metal under the corrosion crust, or is taken off by means of 
an acid dip if no core of metal be present. The exposed oxide 
surface, smooth and metallic, preserves all details of design. 

Electrolysis by Stray Currents. — Direct current is employed 
for many variable-speed mechanisms such as transit systems, 
elevators, transportation, and load-carrying devices. Power is 
usually supplied to these systems by overhead conductors such 
as “trolley wires’ 7 or by means of “third rails.” Commonly 
the circuit is completed through the medium of the tracks or 
rails. These, however, particularly in wet weather, are not 
insulated from the ground, and earth circuits are possible. 
Metal pipes, cables, switching gear, etc., are possible parallel 
circuits for the return current. At the point of entrance of the 
current to these auxiliary conductors, the earth is anode and 
the metal pipe or cable cathode, but, where the current leaves to 
continue in some other path, the pipe or cable is anode and 
electrolysis corrosion occurs. Of course, where the current 
leaves the rails, these will be subject to anodic corrosion. This 
type of stray-current electrolysis may be very destructive. With 
a.c. of the usual frequencies (10 to 60 cycles) little if any difficulty 
is found. 

Good rail bonds and rail beds of high resistance minimize this 
form of corrosion. Other methods involve insulated returns such 
as the “ fourth rail,” parallel buried conductors, or “pipe drain- 
age” systems where the possible parallel conductors are mack' an 
integral part of the circuit. 

The literature on this subject is rather extensive. 9 

9 McCollum and Ahlborn, Methods of Making Electrolysis Surveys, 
Natl. Bur. Standards ( U.S .) Technol. Taper 28 (1910); Influence of Fre- 
quency of Alternating or Infrequently Reversed Current, on Electrolytic. 
Corrosion, ibid., 72 (1916); Rosa and MoCollitm, Elect rolysis and Its 
Mitigation, ibid., 52 (1915); Macintikson and Smith, Trans. Am. Inst. 
Elec. Engrs., 30 , 2055 (1911); Brown, Eng. News, 65 , 684 (1911); Lonoeield, 
J. Inst. Elec. Engrs., 76 , 101 (1935); Lewis and Evans, K orrosion Mrtall- 
schutz , 11 , 121 (1935). 



CHAPTER IX 

COLLOID ELECTROCHEMISTRY 

When an electric current is passed through a porous diaphragm 
immersed in a liquid, the flowing of the liquid through the 
diaphragm is observed, the flow being commonly from the anode 
to the cathode, although it may take place in the opposite 
direction. It was first observed by Reuss 1 who used clay 
diaphragms in water and noticed that as the current forced 
water through the clay toward the cathode, migration of sus- 
pended clay particles toward the anode occurred. The passage 
of a liquid through a diaphragm under the action of the electric 
current is termed “electrical endosmose” and the migration of 
particles in suspension “electrophoresis.” Wiedemann, 2 from a 
quantitative study of electrical endosmose, deduced three 
empirical generalizations : (1) The mass of liquid transported in 
unit time through a porous diaphragm is directly proportional 
to the strength of the electric current, and, for a given diaphragm 
material and given current strength, it is independent of the 
length and sectional area of the diaphragm; (2) the difference in 
hydrostatic pressure maintained by electrical endosmose between 
the two sides of a porous diaphragm varies directly as the current 
strength and, for a given diaphragm material and a given 
current, is proportional directly to the length and inversely to 
the sectional area of the diaphragm; it is also proportional to 
the specific resistance of the liquid in the case of aqueous solution; 
(3) for a given diaphragm material, the difference in hydrostatic 
pressure maintained between the two sides of a porous diaphragm 
is proportional to the applied potential and is independent of the 
dimensions of the diaphragm. The action of the electric current 
on suspensions has been much studied in connection with colloid 
chemistry. 3 

'Pogg.-Ann., 87, 321 (1X52); 99, 177 

* JUektncitM , 1, 1007 (1X95). 

3 “Second Report oil Colloid Chemistry and Its General and Industrial 
Applications,” British Association for tin* Advancement of Science, London, 
pp. 26-52, 1921. 
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Dehydration. — The possibility of using electrical endosmose 
and cataphoresis in the removal of water from muds, pulps, and 
jelly-like or spongy masses containing materials in suspension, 
has been considered in some detail during recent years, especially 
by Schwerin in Germany. Considerable study has been given 
to peat which occurs in many places as a slimy material contain- 
ing approximately 90 per cent of water, nitration and centrif- 
uging are not applicable because of the slimy nature of the peat 
pulp, which causes an impervious layer to form on the filter or in 
the centrifuge. ^Reduction of the moisture content of the peat 
from 90 to 50 per cent by evaporation requires 880 B.t.u. By air 
drying, the 50 per cent material can he converted into a product 
containing 20 per cent moisture and having a calorific value of 
810 B.t.u. per lb. One pound of the original peat mud produces 
less than one-eighth pound of dried peat yielding not more than 
1,000 B.t.u. Thermal methods for the removal of water are 
uneconomic. Schwerin 4 found that, if peat be placed between a 
wire gauze cathode and a plate anode, it is carried to the anode 
where it is deposited as a solid crust containing 50 to 60 per cent 
moisture. The potential gradient was 4 to 5 volts per cm., and 
13 to 15 kw.-hr. is required to remove 1 m. 3 of water. The 
process was a failure on a commercial scale because air drying 
of the material proved to be too tedious and costly. Electro- 
osmotic processes can only remove water to the same extent aw 
mechanical methods of separation and do not dry. 5 

Dewatering of Clay. — The electro-osmose process was applied 
to the dewatering and purification of clay for the purpose of 
transforming a low-grade and impure material into something 
approximating ball clay or china clay in quality. In the older 
processes the impure clay is first made into a thin “slip” with 
water, the slip is allowed to stand until the coarser particles 
(usually silica) have had time to settle, and the fine particles of 
clay still remaining suspended in the slip are removed by gravity 
settling, filtration, or centrifugal separation. Schwerin proposed 
to hasten the process and improve the product by dewatering 
the suspended clay by electrophoresis. The* clay slip was sent 
to a cell with a revolving metal drum anode, outside of which was 

4 Ber. V. intern. Kongr. angew. Chem., 4, 653 (1908) ; Z. Eleictroch.cn i., 9, 
739 (1903). 

B Cf. Kern st and Brile, Verhcndl . deut. physik. GV»., 11, 112 U909). 
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a wire net cathode, surrounding the anode drum on the underside. 
The suspension was pumped between the electrodes, the impuri- 
ties settled on or under the wire cathode, and the clay was 
deposited on the revolving drum anode. The voltage on the 
cell was 75 to 100, the anode e.d. under 0.1 amp. per cm. 2 (0.6 
amp. per sq. in.). Energy consumption was 0.012 kw.-hr. per lb. 
of 35 per cent moisture material. 

Electrical Tanning. — Electrical tanning 6 of leather by bark 
extracts is the oldest practical application of electrical endosmose, 
having been originated, according to Buse, by Grosse in 1849. 
In 1874 de Meritens at Petrograd used electricity in 600 tan pits, 
employing a layer of carbon at the bottom as anode, placing on 
this alternate layers of hides and tan bark and concluding with a 
sheet of tin as cathode. The electro-osmotic method of tanning 
is decidedly more rapid than the ordinary diffusion process and 
would be a distinct success were it not for anodic oxidation of 
the tannin. Schwerin has endeavored to prevent this hy 
surrounding the electrodes with diaphragms. 

Electrical “Xubrication. 5 ’ — An application of electrical endos- 
mose is found in brick manufacture. Wet clay has a tendency 
to adhere to smooth metal surfaces, and to prevent this, lubri- 
cants such as oils, emulsions, and water are used. It was found 
that, if metal in contact with the clay be made cathode and a 
current be passed, the clay no longer tends to adhere and all the 
effects of lubrication are duplicated. In making wire-cut bricks, 
electrical “ lubrication” is said to reduce the power consump- 
tion by 25 to 30 per cent. When the current flows, water 
is carried through the clay to the cathode (the metal) and 
forms a layer between it and the cLay. It is this layer of water 
which prevents the clay from sticking and acts as a lubricant. 

Electrophoresis is applied in the manufacture of chemical 
stoneware to eliminate laminations. These are caused by the 
drag of the forming dies on the surface films of the column of 
elay being expressed, which drug causes the inner sections of the 
body to slip on themselves and to travel at a slightly higher 
speed. A fluid lubricating film is formed by the passage of an 

6 Folsintg, Z . JElektrochem., 2, 167 (1893); Rideal, and Trotter, I. Soc. 
Chem. Irid., 10, 425 (1891 ); Buse, ibid., 19, 57 (1900); Rideal, and Evan's, 
ibid., 32,633 (1913); Williams, J. Am. Leather Chem. Assoc., 8, 398 (1913); 
GtRothc, British Patent 19,239 (1912). 



132 


TECHNICAL ELECTROCHEMISTRY 


electric current through the clay while it is being shaped. The 
die surfaces are made cathodes, and the anode is placed within the 
forming machine. Small percentages of electrolytes are added 
to the clay during its preparation. If the extrusion of a column 
of stiff clay be stopped for a short time with the current on, 
enough fluid material will be drawn to the die surface to make the 
outer -section of the clay column slushy. A reversal of the current 
will take aw 7 ay enough moisture to render the outer column of the 
clay bone dry and hard. The d.c. may be modulated by a pul- 
sating current of fairly high frequency but so regulated that 
there is no polarity reversal. 

Cataphoresis has been much studied by the colloid chemists . 7 

Deposition of Rubber. — Rubber latex behaves as a typical 
negatively charged colloid, coagulable by positive ions and, in an 
electric field, transportable toward the anode. Latex is the 
liquid obtained from the tapping of rubber trees, which upon 
coagulation yields raw rubber. Hauser 8 has given evidence that 
the latex particles behave as if they have an elastic, solid outer 
skin containing a viscous liquid. Cockerell 9 proposed to coag- 
ulate rubber electrically on a moving platinized belt anodically 
connected. Clignett 10 substituted electrical for acid coagulation 
at rubber plantations. The latex was contained in a long tank 
fitted with carbon electrodes in porous pots. Upon application 
of the current the rubber at first creams around the anodes. At 
this stage reversal of the current results in transference of the 
rubber to the other electrode. If, however, the current be not 
at first reversed, an increasing degree of coalescence follows the 
first stage of creaming, with subsequent formation of a solid 
layer of rubber at the anode. The process has been used practi- 
cally for many years in Java. Sheppard 11 has shown that latex 
particles, when no current is applied, are in active Brownian 
movement, but under the field of a unidirectional current the 
particles move toward the anode, with reversal of movement if 
the polarity of the field be reversed. Under unidirectional eloc- 

7 “Fourth Report on Colloid Chemistry and Its General and Industrial 
Applications , ” British Association for tlie Advancement of Science, London, 
pp. 23—33, 1922. 

8 India-Rubber J., 69 , 663 (1925). 

9 India-Rubber «/., 37 , 331 (1909). 

10 “Rubber Itecueil,” p. 377, 1919. 

11 Trans. Am. Electrochcm. Soc., 62, 52 (1927). 
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trie fields, particles deposited on the anode build up multiparticle 
layers. Sheppard is of the opinion that there is a substantial 
identity in the processes involved in the electrical transport of 
matter in solutions, colloids, emulsions, and suspensions. Experi- 
mental evidence shows that electrophoresis and electro-osmosis 
are inversely proportional to the actual conductivity of the 
solution. The movement of a true ion and the electrophoresis of 
a colloidal particle are each proportional to the potential gradient 
and likewise to the time. The velocity of electrophone migration 
is a measure of the stability of the colloid or suspension. The 
actual behavior in the presence of electrolytes cannot be quantita- 
tively predicted on any existing theory. Metals which are 
capable of anodic corrosion and form stable oxides compatible 
with the rubber deposit are preferred as anodes. With such 
anodes, oxidative changes of the latex particles adjacent to the 
anodes are largely avoided. Zinc anodes have been found to be 
most useful, but copper anodes produce cuprous ions which lead 
to a very rapid breakdown of the rubber. Sulphur, fillers, 
pigments, and softeners in finely divided form can be added to 
the latex suspensions, and the mixed lc compounds” can be 
electrically deposited uniformly and substantially in the propor- 
tions in the mix. The thickness which can be deposited is not 
necessarily limited, but from a practical viewpoint it is restricted 
by the question of drying and by secondary changes in the surface 
layers. Rubber produced by electrodeposition may be readily 
vulcanized. It also permits the use of so-called “superaeeelera- 
tors,” which cannot be used in milled stock because they act so 
rapidly that scorching results. The tensile strength of electro- 
deposited rubber is exceptionally high. Salts and hygroscopic 
bodies are readily washed out upon completion of electrodeposi- 
tion, resulting in a product of high insulating properties. 

With large particles the current efficiency of deposition of 
rubber is very high. A comparison with the electrodeposition 
of metals shows that at a c.d. of 10 amp. per sq. ft. (1.08 amp. 
per dm. 2 ) approximately 2.5 hr. would be required to deposit 1 oz. 
of nickel per square foot (30.5 g. per dm. 2 ), while, taking the low 
value of 2,000 g. per faraday, this weight of 50 per cent rubber 
could be deposited, at 80 amp. per sq. ft. (8.6 amp. per dm. 2 ) in 
17 sec.; at the same c.d. 68 times as much rubber could be 
deposited in the time as nickel. At the higher concentrations of 



134 


TECHNICAL ELECTROCHEMISTRY 


rubber (upward of 25 per cent) the comparison is still more strik- 
ing, the amount of rubber being deposited becoming 100 to 
300 times the amount, say, of zinc for the same current. 

The throwing power in the electrodeposition of rubber is not 
very high, owing to the low conductivity, but is apparently higher 
than would be expected considering this factor. It is generally 


XVIII. — Current Efficiency of Rubber Deposition 


Bath 

Rubber 
g. per 
100 c.c. 

Sulphur 
g- Per 
100 c.c. 

Zinc oxide 
g. per 
100 c.c. 

Ammonia 

g. per 
100 c.c. 

Conductance 
ratio per c.c. 
X 10-3 

Rubber com- 
pound per 
faraday, g. 

Kw.-hr. 
per lb. 
at 50 volts 

A 

7. 00 

' 

0.00 

0.0 

0.150 

3,22 

1,490 

0 .408 

B 

7. 00 

0.14 

0.0 

0.150 

3.16 

1,390 

0.381 

c 

7.00 

0.00 

7.0 

0.150 

3.27 

2,000 

0.304 




Note. — In. bath. A no zinc oxide -waa introduced, but the rubber plating contained 3.15 
per cent, owing to the electrolytic oxidation of the zinc anode. In bath B, the rubber- 
sulphur ratio in. the liquid was 98: 2, in the solid deposit 95 : 2, a difference attributable to loss 
of soluble rubber constituents on electrodeposition. In bath (7, ratio rubber to zinc oxide 
Was 100:100, in the solid 100:101. 

Higher values of th.e deposition per faraday and the current efficiency are obtained with 
lowered conductivity and increased rubber content. 

sufficient to take care of recessed angles, edges, and bends. The 
factors in throwing power of rubber latex baths probably differ 
in some respects from those in metal-plating solutions and are 
under investigation. 

In commercial application metallic anodes are coated with 
porous materials, for example with a fabric or with gelatin, or 
surrounded at a distance by a porous diaphragm, and the rubber 
latex including compounded dispersions is electrolyzed, with the 
resultant deposit of rubber upon the membrane or diaphragm. 12 
Commercial conditions for thicknesses of rubber of l /y 2 to in. 
are given in Table XIX. Voltages range from 10 to 1 00, depend- 
ing upon the c.d., size and shape of the article plated, the dia- 
phragm resistances, and related factors. The flow shoot of the 

12 See Sheppaeb and Eberlin, U.S. Patent 1,476,374; and Klein and 
Szegvari, British Patent 223,189; Klein, U.S. Patent 1,548,689; Sheitahd 
and Beal, "U.S. Patent 1,589,325; Klein and Szegvari, U.S. Patent 1,825,- 
736; Beal, Ind. Eng. Chem ., 25 , 609 (1933). The process was independently 
invented and developed, in 1921 and 1922, by S. E. Sheppard and L. W. 
Eberlin of the Eastman Kodak Company in the United States, and by 
P. Klein of Budapest, Hungary, together with Szegvari and other associates. 
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D 2 -Lofthode compartment 
C- Latex mix 
O' Deposited rubier 

Fi<i. 23.— Anode process of rubber depositii 
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Table XIX. — Rubber Deposition 

Electrolyte : 

Anoly te : 

Rubber and compounding ingredients, per cent .... 35 

Ammonia, grains per liter 20 

Alkali metal and ammonium salts, grams per liter. . 30 

Specific conductivity, mhos per cubic centimeter. . . (3 to 8) X 1()~ 3 

Catholyte Water with pH 

greater than 7 

Anode c.d., amperes per square foot 7-22 

Voltage 10—100 

Anode deposit: 

Per cent solids 60 

Per cent H a O 40 

Anode material Zinc or zinc-plated 

iron 

Deposition rate: 

Grams per ampere-minute 1 . 2—1 . 5 

Grams per faraday 1,900-2,400 

process and a diagrammatic cross section of the cell are given in 

Fig. 23. 



CHAPTER X 


PRIMARY CELLS 

That section of electrochemical engineering which concerns 
itself with the conversion of chemical into electrical energy is 
much less important than the inverse operation in which sub- 
stances are produced by means of the electric current. This 
statement would be incorrect were it possible to convert the 
chemical energy obtained by the combustion of fuels directly 
into electrical energy. The conversion of chemical into electrical 
energy is a function of primary cells or batteries. The latter 
term is loosely used for designating a single unit but is properly 
applied to an assembly of identical units or cells. These are 
employed for the intermittent production of small amounts of 
electrical energy. They are largely used for electrotherapeutic 
purposes, electric bells, signal systems, very small motors inter- 
mittently used for control purposes, small, private telephone 
systems, motor ignition, while more efficient and larger forms can 
be employed for isolated installations of electric lighting and the 
driving of small motors and lathes. The high .cost of primary 
cells and batteries makes the production of electricity from them 
in large quantities impractical. 

The e.m.f. of a primary cell resulting from the combination of 
two electrode systems, one with a high positive or oxidizing and 
the other with a strongly negative or reducing potential, can be 
determined from the table of single potentials. The e.m.f. of 
such a cell is then the difference between the two potentials. 
Theoretically, numerous systems may be established; the 
majority of them, however, will be found impracticable on various 
accounts such as costliness, chemical activity of the anode 
material, or tendency to passivity. In practice zinc is used 
almost invariably as the soluble anode in a primary cell. 

Assuming that the electrode system and its resulting reactions 
are reversible, the e.m.f. of the cell may be calculated from the 
Gibbs-Hclmholtz equation. The theorei ieal e.m.f. may be cleter- 
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mined from the heats of reaction of the cell materials. In 
practice, however, electrode systems never behave absolutely 
reversibly. Passivity is avoided by the use of soluble anode 
materials and controlled electrolytes, with emphasis given to 
constituents which are anode corroding agents. The terms 
anode and cathode are employed here with reference to the inside 
of the cell. When current is drawn from the cell and the unit 
serves as an energy source, it follows that the positive terminal 
is the projection of the cathode, and the negative terminal is the 
projection of the anode. At the cathode in simple cells there is 
a reversible discharge of metallic ion to metal. In others, as the 
Lalande or the Leclanch6, an indifferent electrode surrounded 
by a depolarizing oxidizing agent may constitute the cathode 
at which H + ions are discharged. The depolarizers increase the 
e.m.f. of a cell above the normal reversible H + ion discharge. 
The electrode does not become saturated with hydrogen owing 
to the speed of the reaction between the depolarizer and the 
hydrogen. 

A satisfactory depolarizer must be a good conductor and 
make effective contact with the electrode as well as react rapidly 
with the . hydrogen. In older types of cells liquid depolarizers 
were used. They had the advantage of rapid reaction, but the 
disadvantage of diffusion toward, and of attack on, the anode. 
Diaphragms were often necessary and the cell resistance was 
increased. The more effective the depolarizers, the more closely 
will the cell system approach the equilibrium or theoretical value. 

Before the expansion of electrical transmission lines and 
extensive distribution systems, a large number of different 
primary batteries were marketed. At the present time only a 
few are in use. Some of these are employed, to any extent, only 
in laboratory work, military maneuvers, army field-communica- 
tion systems, or in isolated telephone exchanges. The list 
includes the Daniell cell, the Grove-Bunsen, the bichromate or 
chromic acid- cell, the Lalande caustic cell, and the Leclanche, the 
most common type of which is the widely known dry cell. The 
last is by far the most important, followed by the Lalande. 
The use of the bichromate cell is decreasing. The individual 
cells and their modifications will be briefly discussed. The cell 
systems with their name designations, reactions, and open-circuit 
e.m.fs. are given in Table XX. 
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Daniell Cell. — The Daniell cell consists of the system Zn | 
ZnSO 4 1 CuSO 4 1 Cu , 

Zn + CuS0 4 - ZnS0 4 + Cu 
whose voltage is given approximately by the formula 

E = 1.1 + 0.029 log • volts 

where the ionic ratio is that of the molar Cu ++ concentration of 
the catholyte to the molar Zn ++ concentration in the anolyte. 
If there be little difference in the concentrations of the copper 
and zinc sulphates, the ionic ratio can be replaced by the calcu- 
lated ratio of the two salts whose ionizations are quite similar 
under similar conditions. The e.m.f. of the cell is practically 
independent of temperature. The sign of the temperature 
coefficient is a function of the concentration of the electrolytes, 
becoming more positive with increase of the ratio Cu+ + /Zn +4 \ 
The commercial form of the Daniell cell consists of a glass jar 
or container which holds an inner porous cup. The latter is 
surrounded by a saturated solution of CuS0 4 containing excess 
crystals and further by the cathode of copper foil bent to a 
cylindrical form. The inner pot contains ZnS0 4 
solution acidified with H 2 S0 4 into which dips 
the zinc^anod^ rod, generally of amalgamated 
metal. The cell e.m.f. is a function of the 
concentration of the ZnS0 4 solution, having a 
maximum value of about 1.14 volts. Without 
Fla 24 c “ Gravity the addition of H 2 S0 4 the voltage becomes 1.07. 

The setup is not adapted to stand on open 
circuit, since the chemical reactions between the constituents con- 
tinue whether the cell be in use or not. When withdrawn from 
service, the unit should be emptied of all liquid, and the porous 
cup thoroughly cleaned, to avoid any cracking which might result 
from the expansion of the salts in its pores on drying. 

The gravity cell shown in Tig. 24 is a modification of the Daniell 
cell which dispenses with the porous diaphragm. The CuS() 4 
solution is placed in the bottom of the glass container, in contact 
with a copper-sheet electrode to which a rubber-covered wire 
connection is made. The ZnS0 4 solution is carefully poured on 
top of the catholyte and the sharp dividing line, indicated by the 
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differences in color, is maintained when a small current is flowing. 
The zinc electrode, often in the form of a cast crowfoot, is sus- 
pended at the top of the jar. A coating of paraffin is generally 
applied on the edges of the jar to prevent creepage of the Z 11 SO 4 
crystals over the top. In use, a thin layer of mineral oil over 
the top of the solution serves to reduce evaporation. Like the 
Daniell, this type of cell is unsuited for open-circuit work, 
inasmuch as the copper would tend to diffuse upward and 
precipitate on the zinc. It has many obvious disadvantages, 
including the unavoidable local action which occurs in various 
parts of the unit. Only about 30 per cent of the zinc is electro- 
chemically utilized under average conditions. 

Grove-Bunsen Cell. — The Grove-Bunsen cell has the system 
amalgamated Zxi \ dilute H 2 S0 4 |strong HN0 3 [Pt or C. Grove 
used a platinum cathode for which Bunsen substituted carbon. 
The anode consists of amalgamated zinc, usually in 8 per cent 
H2SO4. The construction is quite similar to that of the Daniell 
cell, but with the catholyte and cathode inside the porous cup, 
the zinc anode and the H2SO4 in the outer container. During 
operation objectionable fumes of the oxides of nitrogen are 
liberated. The cathodic process is a function of the concen- 
tration of the HNO3. Pure aqueous Hi\ r 03 , whether strong or 
dilute, is not a reversible depolarizer, but the nitrous acid formed 
by the reaction with hydrogen aids depolarization. 

Large currents can be taken from the cell without 
serious drop of voltage, so that the unit is adapted 
to laboratory purposes where heavy currents are 
needed having more or less constant potential. 

The unit must not be permitted to stand 011 open 
circuit, but must be freshly made up for each use. 

Bichromate Cell. — The bichromate or chromic 
acid cell of Poggendorf has the system 7m 
|H 2 Cr0 4 |C, using no diaphragm and but a single 
solution. Either H 2 Cr0 4 , or sodium or potas- 
sium bichromate with H 2 S0 4 may he employed to form the 
H 2 Cr0 4 solution. The Grrnvt plunger type 1 (Fig. 25) shows the 
arrangement of the two carbon plates and the zinc plate which 
can be lifted out of the coll when not in use. The Fuller modi- 
fication, employed in telephone practice on small isolated 
exchanges, uses a porous porcelain cup between the carbon and 



Fit!. 25. — 
G renet plunger 
cell. 
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zinc electrodes. An average electrolyte would contain 17 to 
20 parts Na 2 Cr 2 07, 20 to 24 parts H 2 S0 4 , and 100 parts of water. 

Lalande Cell. — The Lalande type of battery is generally known 
at the present time as the “ caustic soda primary battery/' the 
name being derived from the nature of the electrolyte, a solution 
of daustic soda. Amalgamated zinc forms the anode and cupric 
oxide the cathode and depolarizer. As in the gravity battery, a 
thin layer of oil on the surface of the electrolyte prevents its 
evaporation and the formation of carbonate. Present practice 


(a) (6) 

26. — ( a ) Lalande cell. (6) Exhausted Lalande cell. {Courtesy The Water- 
bury Battery Company.') 

assembles the copper oxide and zinc electrodes with insulators so 
that the entire assembly can be secured to a cover, usually of 
porcelain, by a single suspension bolt and the necessary nuts and 
washers. The terminal wire from the zinc is a copper wire with 
insulation of a rubber compound. 

More than 90 per cent of all the batteries of this type are 
used at the present time for railroad signals and other railroad 
devices. The units are of sufficient capacity to contain 4,400 cc. 
of water in which the NaOH is dissolved. The system is Zn| alkali 
solution|oxides of copper — Cu. A typical cell is shown in Fig. 26. 
The containing jar is made of a special quality glass, produced 
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after years of experimentation, to withstand the strong corrosive 
action of the caustic soda electrolyte for the duration of its 
service. It must in addition be proof against cracking due to 
the heat generated in dissolving the caustic soda. The electro- 
lyte is usually 18 to 19 per cent NaOH. The CuO, which func- 
tions as cathode and depolarizer, is made in a compressed or 
in a loose form. For the compressed form, which is more 
generally used, the CuO is ground to a fine powder, mixed with 
a suitable binder, and subjected to heavy pressure. It is then 
baked and the outer surface metallized by partial reduction 
to increase the conductivity of the electrode, CuO in itself being 
a very poor conductor. The container for the loose oxide, as 
well as the finished form of the compressed oxide, generally takes 
the shape of a flat plate or hollow cylinder. The zinc electrode 
is east in a cylindrical form and amalgamated with mercury 
either in the casting or by dipping in a mercury bath, the mercury 
content of the electrode being about 2.5 per cent. Purity of 
materials is important for the successful operation of the cell. 
The Edison modification of the Lgilande cell uses flat plate elec- 
trodes, the zinc plates being cast with ribs. The compressed 
copper oxide electrode is suspended centrally with zinc on each 
side. 

The chemical reaction of the unit may be represented by the 
equation 

Zn + 2NaOH + CuO - Na 2 Zn0 2 + H 2 0 + Cu 

The e.m.f. is approximately 0.95 volt; but when heavy currents 
are furnished, the terminal voltage is lowered to less than two- 
thirds of this value. The internal resistance of the cell is low. 
During operation the CuO electrode is gradually reduced to 
copper. Therefore upon exhaustion of the cell this electrode 
must be washed and reoxidized by heating at 150°C., and 
at the same time fresh zinc plates must he added to the unit. 
Commercial batteries are manufactured in sizes varying from 
75 amp. -hr. up to cells with a rated capacity of 1,000 amp.-hr. 
They are simple in construction, work readily, and are relatively 
cheap. For these reasons, and in spite of their low r voltage, these 
cells have found extensive application in the operation of signal 
systems and other railway work. Seven unit electrode systems 
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in a single container are now made for batteries which maintain 
their voltages from 500 to 1,000 amp. -hr. 1 

Leclanche Cell. — The Leclanch6 cell has the system Zn|NH 4 Cl- 
Mn0 2 |C. In the original form the carbon rod was contained 
in a porous cup filled with crushed carbon and Mn0 2 . The 
mixture of these two was carefully made and pressed to obtain 
intimate contact. In later forms the MnCh and carbon were 
molded together into a cylindrical form by the use of a binder, 
the zinc electrode being suspended centrally. The electrolyte 
is a strong NH 4 C1 solution, usually about 20 per cent. The 
open-circuit e.m.f. of the cell is about 1.5 volts, but when heavy 
currents are drawn from the cell, the terminal voltage drops 
rapidly to 1.1 to 1.2 volts. It is suitable for work on open 
circuits, but on closed circuits it is suitable only if large cur- 
rents be drawn intermittently for short periods. 

The Silver Chloride Cell. — The AgCl cell, which is similar to 
the Leclanch6 save that AgCl is used as a depolarizer with a 
silver electrode, is made in small sizes for use in army maneuvers 
and field service. The life of this cell is rather long for the size, 
and the open-circuit voltage is one volt. 

Fery Cell . 2 — For use where only low currents are required, as 
in some forms of railway work, the Fery cell was developed to 
avoid cathodic depolarizers completely. It is a modification of 
the Leclanchd in which air dissolved in the carbon is employed 
for depolarizing the hydrogen discharge. In the French railway 
type a zinc plate electrode rests at the bottom of a glass jar 
containing the electrolyte, which is 12 per cent NH 4 C1. The 
carbon electrode, in the form of a hollow carbon cylinder, is 
arranged vertically and carried on a cross-shaped insulator of 
synthetic plastic or ebonite. The carbon electrode is pierced 
with holes and is about half the diameter of the jar, projecting 
several inches above the top of the electrolyte which surrounds 
most of its surface. Oxygen for depolarization is adsorbed from 
the atmosphere by the carbon. Cells show a life of about six 
months at discharge currents of 20 to 50 milliamp. They have 
an open-circuit voltage of 1.2 and a 90-amp. -hr. capacity fora 
cell weighing 2.1 kg. 

1 Marttjs, Trans . Electrochem. Sac., 68, 151 (1935). 

2 FitiRY, Congr. intern. Slec., Paris, Sop. 7, Rapport 14, (1932); Science 
Abstracts, 35B, 701. 
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New and superior forms of air-depolarized cells have recently 
been commercially developed using activated carbon cathodes 
and an electrolyte of 20 per cent sodium hydroxide. 

Air Cells. — The air-depolarized cell comprises a caustic alkali 
electrolyte, an anode of amalgamated zinc, and a carbon cathode 
capable of utilizing atmospheric oxygen. The operating voltage 
is of the order of 1.1 to 1.2 for ordinary loads, and the open- 
circuit voltage of a fresh cell 1.4 to 1.45. The cathode is of 
nongraphitic carbon with powdered charcoal as one of the 
principal constituents, manufactured in such a manner as to be 
sufficiently porous and gas permeable to “breathe air” and yet 


Molded 

composition 

confainer 


Fig. 27. — Air cell — two-cell battery. 

close grained enough to resist electrolyte penetration. Heise 
and Schumacher 3 4 state that the carbon has an apparent density 
of 0.6 to 0.8, a porosity of 50 to 65 per cent, a resistivity of 
0.0075 to 0.015 ohm per cm. 3 , and a gas permeability of 100 
to 1,000 cc. of air per cubic centimeter per minute. Oxide 
complexes at the electrode interface are considered to be the 
depolarizer. The electrode is waterproofed with paraffin. The 
electrolyte is usually a 20 per cent NaOH solution, which compo- 
sition is satisfactory for low temperature service. Lime is 
added to the electrolyte to slowly react with the sodium zineate 
formed as the result of solution of the zinc anode, with the 
regeneration of caustic. 1 

Figure 27 shows a two-cell unit mack 1 for operation of two-volt 
radio tubes. These 1 batteries are stated to be good for about a 

3 Trans. Electrochem. Soc. f 62 , 383 (1932). 

4 U.S. Patent 1,835,867, Dec*. 8, 1931; 1,864,652, June 28, 1932. 
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year of service when operated 3 hr. a day. The voltage char- 
acteristics of the air cell are given in Fig. 28. 

In its commercial form the cell is shipped dry with the neces- 
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Fig, 28. — Voltage characteristics of air cell. 


sary caustic in cast form around the anode and cathode and with 
lime in dry form at the bottom of the container. The cell is 

“activated ” by the addition 
of water to the electrolyte 
level. 

Primary batteries of the 
adsorbent-carbon depolarizing 
type are also built for sema- 
phore, highway flashing 
systems, lighthouses, railway- 
signal, and similar work. A 
typical one is the Le Carbone 
cell, the construction of which 
is shown in Fig. 29 and the 
characteristics in Fig. 30. A 
cell whose cylindrical glass jar 
is approximately 10 in. high 
and 7 in. in diameter is rated 
at 500 amp. -hr., with initial 
closed-circuit voltage of over 
1 volt at rates of discharge 
not greater than 3 amp. The 
positive or carbon element lias 
a capacity of 2,000 to 2,500 amp.-hr., while the zinc circular 
element, weighing about 825 g., lasts 500 amp.-hr., after which it 
is renewed. The cell holds about 4 1. of a 20 per cent NaOH 
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Fig. 29.' — Le Carbone caustic cell. 
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electrolyte, which is renewed every 500 amp.-hr. The open- 
circuit voltage of the cell is 1.4 to 1.5 volts. 

Dry Cells. — The modern dry cell is the outgrowth of the 
Leclanchd cell. Leclanch4 expressed the voltage of his cell in 
terms of the CuS0 4 cell, and its external resistance in terms 
of meters of iron wire of a certain diameter. He refers to the 
depolarizing action of the Mn0 2 as combustion of hydrogen. 
The success of the Leclanche cell led to numerous attempts to 
make its electrolyte unspillable. Various absorbents and fillers, 
including sand, sawdust, cellulose, asbestos fiber, plaster of Paris, 
spun glass, were tried out during the 20 years following. In 1888 
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Fig. 30. — Current-voltage relations of Le Carbone cell. 

the first successful dry cell was produced by Gassner. 5 It con- 
sisted of a zinc can serving as anode and as the cell container, a 
carbon rod surrounded by the depolarizing mixture which was 
wrapped in cloth, and the electrolyte in the form of a jelly. Its 
voltage on open circuit was about 1.3 volts, and its short-circuit 
current about 6 amp. The dry cells of the present day have been 
developed from this cell of Gassner. 

The dry cell has been so designated because its electrolyte is 
contained in an absorbent material which prevents its spilling 
out regardless of the position of the cell. The cell is not dry, how- 
ever. In fact, one of the essential requirements in its make-up is 
that it be sufficiently wet under all ordinary conditions. 

6 Cooper, “Primary Batteries, ” p. 3, Benn Brothers, Ltd., London, 
1917: Ayrton and Mather, “Practical Electricity,” p. 192, 1912; Natl. 
Bur. Standards ( U.S . ), Circ. 79. 
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The reaction of the Leclanche and the dry colls may be given as 

Zn -f 2 NH 4 CI +- 2Mn0 2 = Zn(NH 3 ) 2 Cl 2 4 H 2 0 4 Mn 2 0 3 

It is thought that the depolarization action of the Mn0 2 results 
in the oxidation of the hydrogen to water and the formation of 
the lower state of oxidation of the manganese, probably Mn 2 0 3 . 

Ordinarily the zinc serves as a container for the cell. The 
electrolyte is an aqueous solution of NH4CI and ZnCl 2 . It is 
held partly in an adsorbent material and partly in the mixture 
of ground carbon and MnQ 2 . This lining separating the zinc 
and the depolarizing mixture must allow electrolytic but not 
metallic conduction, in that the latter would cause the formation 
of an internal short circuit. The depolarizing mixture is bulky 
and occupies most of the interior of the cell. The electrolyte is 
sometimes made into a jelly with colloidal materials such as gum 
tragacanth, agar-agar, gelatin, flour, or starch. The electrolyte, 
therefore, will not spill, whether it be completely sealed over at 
the top, the method most common in American practice, or 
provided with a vent for the escape of gas, which is the European 
custom. 

When the cell is new, the surface of the composite carbon- 
Mn0 2 electrode may be taken as the outside surface of this 
mixture next to the zinc. As the cell is discharged, the Mn0 2 is 
reduced, and the effective surface of the electrode moves toward 
the carbon rod, which is in the center axially with the cell. This 
carbon rod only serves to conduct the current out of the mixture 
to the terminal. 

Two general sizes of dry cells are manufactured: a largo one for 
ignition, signaling, and miscellaneous intermittent use, and a 
smaller size for flashlights, radio batteries, and similar purposes. 
In the larger size sheet zinc is used as the container, the bottom 
being soldered with lap seams, while zinc stampings are employed 
for the smaller cells. It is essential f or electrochemical reasons, to 
avoid galvanic couples and local corrosion of the metal, that the 
zinc be of a high degree of purity. It must at the same time have 
high tensile strength and elongation as well as stiffness, in order 
to withstand manufacturing operations. 

The electrical conductivity of tlieMn0 2 depolarizer is very low, 
so that granulated carbon, more or less completely graphiti zed, is 
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added to increase the conductivity of the mixture. Regarding 
the NH 4 C1 electrolyte, it is desirable that it be free of metals 
such as Cu, Pb, Fe, As, Ni, Co, and Sb which may be plated out 
by the zinc, as well as free from negative radicals, such as sul- 
phates, which form compounds less soluble than the chlorides. 
Insulation and sealing compounds are usually resin, sealing wax, 
or bituminous pitches with fillers such as ground silica, fibrous 
talc, and coloring matter added. Phe entire cell is ordinarily 
insulated by a strawboard container or jacket surrounding it. 

The Mn0 2 used in dry cells is a refined ore. Its efficiency in 
this particular use depends upon the percentage of Mn0 2 and 
probably its state of hydration. The ore employed almost 
exclusively is pyrolusite. Its value as an oxidizer in dry cells 
varies with the content of the dioxide and does not depend except 
indirectly on the content of metallic manganese. 

The ore must be free from copper, nickel, or 
cobalt, as small traces of these metals may 
destroy the cell. Iron to the extent of 1 per 
cent is not unusual, and it has been shown by 
manufacturers of dry cells that even 2 to 3 per 
cent in some cases may be allowed. Iron in 
the metallic or ferrous condition is the most 
harmful. 

Thp physical qualities of fineness and porosity 
are of great importance. In general, it appears 
that an increase in the size of the grains up to 
a certain limit reduces the internal resistance 
of the carbon-Mn02 mixture, while a decrease 
in size of the grains increases the depolarizing 
power per unit weight of Mn0 2 . A high degree of porosity is 
desirable Inasmuch as the depolarizing power depends upon the 
surface area of the Mn0 2 . 

Two general methods of manufacture are employed, the most 
familiar one for larger cells in the United State's being the paper- 
lined method. The zinc container is lined with a sulphite and 
ground wood-pulp board at the sides and bottom, into which the 
Mii0 2 -NH 4 Cl-ZnCl 2 mixture is tamped around the central carbon 
electrode. The pulp board lining is then folded down over the 
top of the mixture and the cell sealed with a sealing compound. 
The' construction of a typieal cell is shown in Fig. 31. 



Fig. 31. — Sec- 
tion of paper-lined 
cell. 
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The second method is termed the “bag” or “sack” type, in 
which the carbon rod with its surrounding mixture of electrolyte 
and depolarizer is wrapped in muslin and tied with a string, 
forming a unit which is placed in the zinc can, leaving sufficient 
space between the two for the electrolyte. 
The construction is shown in Fig. 32. The 
solution of sal ammoniac and ZnCh is thickened 
with flour or other gelatinous materials. 
Spacers to separate the bag from the zinc can 
are desirable but are not always used. This 
form of construction is almost universally used 
for making small flashlight batteries. It tends 
to increase the life of the small cells, which may 
be shorter than that of the larger sizes even 
when standing on open circuit. Some of these 
units are so small that most of the operations 
can be more readily done by hand than by 
machinery. 

A modification of both these forms of con- 
struction is the desiccated cell which is manufactured dry and 
requires the addition of water before it is ready for use. The 
water is introduced through an opening provided in the seal or 
center of the carbon rod. Some cells are also provided with a 
vent. 

Since dry cells of the smaller sizes are subject to deterioration 
during the time of standing on the dealers’ shelves, an effort has 
been made by several of the manufacturing companies to furnish 
partially assembled cells that are freed from local action by a 
separation of one or both of the electrodes from the electrolytic 
paste. Such cells are arranged for quick and simple assembly by 
the purchaser. 

Daniels 6 has calculated that the energy of an 85-g. D cell 
is equal to almost 13,000 watt-sec. Such a unit will deliver 
about 2.73 amp. -hr. before its voltage falls to 1.13 volts on a 
discharge through 83.3 ohms for 4 hr. a day. These conditions 
correspond to radio use. The average voltage during this 
discharge is 1.3. Individual cells, except those in assembled 
batteries, are enclosed in tight-fitting cartons of news pulp 



Fig. 32. — Sec- 
tion of bag-type 
cell. 


! Trans. Am. Electrochem. Sac . , 53, 45 ( 1 92S) . 
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chipboard or strawboard paper to insulate the zinc container 
of the cell from its surroundings or the surface supporting it. 

Claussen 7 has described the industrial manufacture of the 
6-in. dry cells, and Table XXI gives the range of commercial 
sizes. 8 Electrical characteristics and testing are well standard- 
ized. 9 Gillingham has described the advances in the dry-battery 
industry. 10 The modern No. 6 general-purpose cell shows an 
initial short-circuit amperage of 43, a deterioration of only 
7 per cent in 6 months, a life of better than 77 hours in the heavy 
intermittent-service test and 250 days in the light intermittent 
test. The small CD hearing aid batteries have a 50-hr. life 


Table XXI. — Commercial Dry Cells 


Designation 

j Diameter 

Height 

Minimum 

Inches' 

Millimeters 

Inches 

Millimeters 

voltage 

AAA 

H 

13 

1 

25 


AA 

M, 

13 


48 


A 

% 

| 16 

IVs 

48 

1.47 

B 

% 

19 

2H 

54 

1.48 

C 

15 Ae 

24 

l 1 He 

46 

1.49 

CD 

1 

25 

3% 

86 


D 

IK 

32 

2 H 

57 

1.50 

E 

1 K 

32 

2V 8 

73 

1.50 

F 

i H 

32 

3Ke 

87 

1.50 

G 

i H 

32 

4 

102 


#6 

2 H 

: 

63 

i 

i 

6 

1 

152 

1.50 


in the heavy earphone service test. Lawson 11 has discussed 
service characteristics of dry cells, and Ceader and Mead 12 the 
characteristics of flashlight batteries. 

7 Trans . Electrochem. Soc., 64, 341 (1933). 

8 Gillingham, American Standards Association Committee C-18, Trans. 
Electrochem. Soc., 71, 13 (1937). 

9 Electrical Characteristics and Testing of Dry Cells, Natl. Bur. Standards 
( U.S. ), Circ. 79 (1923). 

10 Trans. Electrochem. Soc., 68, 159 (1935). 

11 Trans. Electrochem. Soc., 68, 187 (1935). 

12 Trayis. Electrochem. Soc., 68, 207 (1935). 
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SECONDARY CELLS 

Cells which are reversible to a high degree, in that the chemical 
conditions may be restored by causing current to flow into the 
cell on charge, are classed broadly as storage batteries or electric 
accumulators. The Daniell or gravity cell as well as the Lalande 
is reversible to a high degree, but these cells have practical 
disadvantages preventing their use as storage batteries. The 
form in widest commercial use is the Pb-H 2 S 04 type. The only 
other form of any prominence in the United States is the Ni-Fe- 
caustic cell, often termed the Edison cell. 

In 1859 as a result of his experiments on electrolytic polariza- 
tion, Plants devised a cell for the storage of electrical energy 
consisting of two sheets of lead separated by strips of rubber, 
rolled into a spiral form, and immersed in a dilute (about 10 per 
cent) solution of H2SO4. He found it possible to increase the 
capacity of the cell materially by a process now known as “forma- 
tion.” Following periods of charge, he discharged the cell or 
allowed it to rest, during which time local action transformed the 
covering of peroxide on the positive plate into PbS0 4 . From 
time to time he reversed the polarity and repeated the process of 
charge and discharge to build up the capacity of the cell. 

The positive pole of a cell is that one from which the current 
flows into the external circuit. In storage-cell practice a positive 
plate is one which is connected to the positive pole, and the 
negative plate is one which is connected to the negative pole. 

For extended commercial use a storage cell should have high 
capacity per unit of weight. Chemical effects, even though 
slight, that cause deterioration or loss of ston'd energy should 
be absent. The transformation of electrical into chemical 
energy as in charging, and of chemical into electrical energy in 
discharging, should proceed nearly reversibly. An ideal storage 
cell should have low resistance*, have simplicity and strength of 
construction, be durable, and be producible* at low cost. In the 
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past a large number of storage-cell constructions and systems were 
proposed. Almost all of them had disadvantages which pre- 
vented their commercial adoption, so that at the present time 
only two secondary cells need to be considered. The Pb-H 2 S0 4 
type is in universal use. It does not suffer from deteriorating 
chemical effects, show's almost reversible transformation of 
electrical into chemical energy and vice versa, has low resistance, 
can be used for long periods with proper care, and has low first 
cost. It does not have as high capacity per unit of weight as 
might be desired ; and while its construction is simple, the 
mechanical strength of the lead plates is low. On the other hand, 
the Ni-Fe-caustic potash cell, also known as the Edison, shows 
high capacity per unit of weight, absence of deteriorating chemical 
side reactions, and ability to withstand long continued use. Its 
first cost, due to expensive materials and complex construction, 
is high, but the cell is mechanically strong and durable. It has 
the disadvantage, however, that it shows charging and discharg- 
ing losses due to the incomplete reversibility of the electrical and 
chemical energy transformations in the cell system. 


LEAD SECONDARY CELLS 

The Pb-H 2 S0 4 cell system is Pb 0 2 |H 2 S 04 [sponge Pb. On 
discharge of the cell, both the peroxide on the positive plate and 
the lead on the negative plate are quantitatively converted into 
PbS0 4 according to the reactions 

Pb0 2 + H 2 S0 4 = PbS0 4 4- H 2 0 + O 

and 

Pb + H 2 S0 4 = PbSQ 4 + 2H 


which may be combined into the reaction 


Pb0 2 Pb + 2H,S0 4 = 2PbS0 4 + 2H a O 


which, when read from left to right, is the equation of discharge 
and, inversely, the reactions during charge. 

The reaction given above is that of the double-sulphate theory, 
the significance of the term being due to the fact that PhS0 4 is 
formed on both positive and negative plates during the process 
of discharge. A large number of other theories have boon 
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proposed 1 but have not found acceptance. The double-sulphate 
theory is capable of thermodynamic proof. Although the theory 
gives us an equation for calculating the performance of the cell, 
it does not tell us about the actual processes taking place at the 
positive and negative plates. Vinal 2 gives the following pictures 
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of discharge and charge reactions taking place in the cell, which 
are taken from his book by permission. 

Cell Construction. — Lead storage batteries are made in a wide 
range of sizes and capacities from very small elements for experi- 
mental work with two or three cells, up to units of very high 
capacity weighing several tons for central station work. For 
stationary cells, containing vessels for the smaller and medium 
units are of glass, for the larger ones lead-lined wood. Containers 
for batteries up to several thousand ampere-hours capacity are of 

1 For discussion of the many theories proposed by investigators, see 
Vinal, “Storage Batteries,” 2d ed., p. 152, John Wiley & Sons, Inc., New 
York, 1930. 

2 Ibid pp. 157, 159. 
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glass. Containers for portable batteries are almost universally 
made of hard rubber or rubber mixtures. The plates in the cells 
are hung vertically, positives and negatives alternately, plates 
of the same kind being connected in parallel to external studs or 
connecting posts. The plates may be guided by grooves in the 
side of the cell, and held apart and prevented from short-circuiting 
by separators, usually sheets of wood specially treated and 
machined. In some cases the wood is replaced by perforated 
sheets of rubber. In general, the plates are suspended in the 
cell so that there is a free space at the bottom which can serve as a 
reservoir of acid and allow a place where conducting material 
dropping from the plates can fall without short-circuiting the 
plates. Usually the two end plates in a cell are negatives. 
Positive plates, if active only on one side, become deformed as 
the volume of their active masses changes during working. 

The concentration of H 2 SO 4 in the electrolyte varies for differ- 
ent types of cells, corresponding to the specific gravities, showing a 
range for fully charged cells of 1.200 to 1.300. The most common 
types employed in connection with automobiles for starting and 
lighting show specific gravities of 1.270 to 1.300. The chemical 
reactions within the cell practically limit the higher concentra- 
tions of acid to 1.300 specific gravity. 

Types of Plates. — The active materials, the Pb0 2 on the posi- 
tive plate and the sponge lead on the negative, are crystalline 
in structure and the intergrowth of the crystals holds the masses 
together. It is probable that the positive active material is a 
hydrated peroxide of lead as it exists in the cell. Many com- 
mercial modifications of plates have been proposed and are in use 
either for forming the active materials in place or for applying 
them and holding them in place by some mechanical structure. 
In general the plates may be of the Plante type comprising a mass 
of lead, usually of flat form, with a highly developed surface on 
which the active material is electrochemically formed as a coher- 
ent layer; or pasted plates in which the active materials are 
cemented masses supported in a grid, usually of lattice form. 

Plante Plates. — Plante plates are prepared from lead blanks 
which have been cast, rolled, cut, and stamped. A number of 
different methods have been used for increasing the surface of 
these plates. In one the plate is “plowed” so that fine furrows 
are made and leaves of lead thrown up on the plate. In others 
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the blanks are swaged by blocks having designs cut in their 
surfaces so that recesses are produced in the finished plate. In 
another case the plates are spun to increase the surface. In 
Europe highly developed surfaces have been obtained by casting. 
In the so-called Manchester plate (Fig. 33), heavy grids of 
antimonial lead are cast with a large number of round holes into 
which buttons of soft lead with corrugated surfaces are pressed, 
the buttons being prepared from lead ribbon. The holes are 
made with a slight bevel so that, as the lead button grows during 



Fig. 33. — A. Manchester-positive and a box-negative plate. ( Courtesy The 
Electric Storage Battery Company.) 


the operation of the cell, it becomes more and more tightly locked 
in the supporting grid. 

The active materials of the Plants plate are obtained by oxidiz- 
ing the surface of the lead plate or reducing this material to 
sponge lead. In the original process used by Plante, the plates 
were alternately charged and discharged with occasional reversals 
of the charging current until the plates had acquired sufficient 
capacity. The method requires considerable time and a large 
amount of electrical energy. The common method at the present 
time involves the use of “forming” agents which attack the lead 
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of the plate. These are usually salts of some acid, such as 
HN0 3 , or a large number of other materials such as chlorates, 
perchlorates, chlorides, fluorides, oxidizing agents such as bichro- 
mates and permanganates, and reducing agents such as formic 
acid, oxalic acid, alcohol, hydroxylamine, and sulphurous acid. 
The forming process in which these addition agents are used is 
practically confined to the positive plates which are the anodes in 
the forming bath. Negatives are obtained by a reversal of the 
positive plates during which the PbC >2 on their surfaces is reduced 
to sponge lead. 



Fig. 34. — Pasted positive and negative plates. ( Courtesy The Electric Storage 
Battery Com pany . ) 


Pasted Plates.— Pasted plates (Pig. 34) consist of grids or 
cast antimonial lead forms in the openings of which a paste, 
generally made by mixing litharge (PbO) or red lead (Pb 3 0 4 ) or a 
combination of these with a dilute solution of H 2 S0 4 , is placed. 
Many variations in the conditions of preparing and applying the 
paste are possible and differ with different manufacturers. It is 
probable that these two reactions occur: 

b 3 0 4 4 2 H s S 0 4 = 2PbS0 4 + PbO, ■ 2H 2 0 
PbO 4- H,SCU - PbS0 4 + H,Q 


In addition, it is probable that hydration of the load oxide 
also occurs. Sometimes pulverized load is used in connection 
with the manufacture of plates, and expanders consisting of 
relatively inert materials are added in amounts of a fraction 
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of a per cent to the materials for negative plates. Lampblack, 
BaSCUj graphite, and various forms of carbon have been used. 
Their function is to prevent the contraction and solidification 
of the sponge lead of the finished negative plate. 

The pasted grids are allowed to dry and harden and are then 
electrolytic ally oxidized and reduced in either dilute H 2 S0 4 or a 
sulphate solution. This formation process is carried out eithei 
in lead tanks or in glass or rubber vessels holding a large numbei 
of plates. The positives and negatives are usually formed 
together, although the latter require somewhat more time than 
the former. Formation is seldom complete in a day hut usually 
occupies several days. After this time the plates are washed and 
assembled in cells. 

Cell Characteristics . — Pasted plates have the disadvantage 
that they are mechanically weaker than Plants plates, and the 
active material tends to fall out in time, particularly at high 
c.d. One manufacturer employs positive plates with a paste 
of high capacity, adapted for use with a spun-glass retainer of a 
porous nature and low resistance. The glass layer prevents 
the active material from falling out of the plates. Anothei 
maker has developed a pasted plate which is very hard, of high 
capacity, and porous. A slotted, thin, tough, hard-rubbej 
retainer is used on both sides of the positive plate. This retainer 
in addition to the wedging of their elements in the rigid container 
furnishes the mechanical support necessary for long life. Pasted 
plates show a higher capacity per unit of weight, however, than dc 
Plantd plates. The capacity of a storage cell is stated in ampere- 
hours at some normal rate of discharge, the S-hr. rate being stand- 
ard with lead cells of the stationary type. The capacity of a cell 
with a definite type and thickness of plate is in proportion to the 
plate area. The e.m.f. or open-circuit voltage of any storage cell 
depends wholly upon its chemical constituents and not in any 
way upon the number or total area of the plates. It varies fur- 
ther with the strength of the electrolyte, with the temperature 
and to a minor extent with the state of charge of the plates, 
internal resistance of the cell, polarization, and acid concentration 
effects. Per ampere-hour of discharge, the amount of active, 
material converted into PbSC) 4 is 0.135 oz. of sponge lead and 
0.156 oz. of Pb0 2 , independent of the rate of discharge. The 
amount of active material actually present in the plate is some 
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three to six times that which under normal discharge of the cell is 
converted into PbSCh- Part of this excess is present to give long 
life to the plates. 

The open-circuit voltage of a lead cell varies from 2.06 to 2.14, 
according to the strength of the electrolyte and the temperature, 
and may be calculated from the formula 

E = 1.850 4- 0.91 7(0 - g) 


where G is the specific gravity of the electrolyte and g the specific 
gravity of water at the cell temperature. 



Typical charge and discharge curves for the stationary typo of 
lead cell are given in Fig. 35. It is often desirable to determine 
the relative performance of positive and negative plates in a cell. 
This may be done by taking the voltage between either group 
and a reference electrode such as zinc, sponge lead, or preferably 
cadmium. Padmiimi curves are included in the diagram. 
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cell consist of nickel peroxide for the positive plate and finely 
divided iron for the negative. Typical cell construction is 
shown in Fig. 36. Small amounts of LiOH are added to the 
electrolyte, and certain amounts of mercury are incorporated 
with the iron of the negative plate to overcome the passivity of 
the iron, while layers of flake nickel are added to the positive 
plate nickel oxide to increase its conductivity. The reactions of 
the cell are 

8KOH 4- 6Ni0 2 H- 3Fe = Fe 3 0 4 + 2Ni,0 4 + 8KOH 
or 

6NiC>2 -f~ 3Fe = FC3O4 T 2]NTi304 

which, when read from left to right, are the reactions of discharge, 
and, inversely, those of charge. It is probable that the iron and 
nickel oxides are both hydrated. In charging the cell, the electro- 
lyte density does not change as in the lead storage cell, but 
concentration changes of the electrolyte in the pores of the active 
materials do take place with perhaps the formation of higher 
oxides of nickel. 

Positive Plates. — The positive plates are 'filled with nickelous 
hydroxide, which is converted to a higher oxide of nickel by the 
formation process. Additions of flake nickel are made to 
increase the conductivity of the mass, as the nickelous hydroxide 
is a nonconductor. Alkaline cells, other than those of Edison, 
use graphite for this purpose. The positive plate consists of a 
nickel-plated steel frame into which are pressed perforated tubes 
filled with alternate layers of nickel hydrate and metallic nickel 
in very thin flakes. The tube is made from a thin sheet of steel, 
nickel-plated and perforated, and has a spirally lapped joint. 
The negative plate consists of a grid of nickel steel with oblong 
openings into which perforated steel boxes containing finely 
divided iron with mercury are placed. 

The flake nickel used in the Edison cell consists of small 
squares, 1 l t j in. on a sick' and about 0.00004 in. thick. It is made 
by a nickel-plating process in which revolving copper cylinders 
are carried by a crane and dipped alternately into copper- and 
nickel-plating baths for a time sufficient to deposit thin layers 
of the metal. The alternate plating of copper and nickel is 
repented 12,5 times, a process taking about 5 hr., after which the 
copper-nickel sheet is stripped from the cylinders and cut into 
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e in. squares. The copper is then dissolved chemically, leaving 
the nickel as thin flakes which in a final washed, centrifuged, and 
dried state weighs only 3.6 lb. per cu. ft. 

The tubes used to hold the active material on the positive 
plates are made from cold-rolled carbon-steel ribbon, which is 
perforated, nickel-plated, and annealed in a hydrogen atmosphere. 
The ribbon is wound spirally to form the tubes, the seams being 
lapped and swaged flat. The finished tubes are either 34 or 
% 6 in. in diameter and 434 in- long* They are filled with 
alternate layers of nickelous hydroxide and flake nickel so that 
there are about 630 layers in a tube, the tube having 14 per cent 
of its contents as flake nickel. After the tubes are filled, the 
ends are pinched together to form terminals by which the tubes 
are clamped into the steel grid or frame. Each tube is reinforced 
by eight seamless nickel-plated steel rings, used to prevent pos- 
sible bursting of the tube because of the swelling of the active 
material which takes place during forming. 

Negative Plates, — Negative plates consist of a grid with a 
number of pockets in which perforated nickel-plated steel boxes 
are placed, the boxes containing black oxide of iron (FeO) mixed 
with about 6 per cent of mercury oxide. When the plate is 
first charged, this is reduced to mercury and the FeO to metal. 
The necessary number of positives for any particular size of 
cell are mounted on a steel rod which passes through the holes 
at the tops of the plates. Plates are separated from one another 
by means of washers fitting on this rod and are locked in place 
by a lock washer and nut on the end of the rod. Negatives 
are assembled in a similar manner, and the group of positive and 
negative plates are intermeshed to form the cell element, the 
plates being separated by hard-rubber pins. Side separators 
made of flat sheets of hard rubber are used around the outside 
of the element to insulate it from the nickel-plated sheet-steel 
can employed as a cell container. 

Cell Characteristics. — Characteristic normal charge and dis- 
charge curves for the Edison battery are given in Fig. 37. The 
average voltage on discharge is approximately 1.2, the initial 
open-circuit voltage 1.5, and the final voltage at the end of 
discharge a little less than 1. 

Edison cells are used for ignition and lighting of gasoline motor 
cars, but because of their high internal resistance are not used for 
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motor starting. They find wide application in electric vehicles, 
storage-battery streetcars, mining locomotives, and industrial 
trucks. In contradistinction to lead storage batteries, they are 
not used for load regulation in power systems because of their 
heavy voltage drop at high discharge rates. The commercial 
cells show ampere-hour efficiencies of 82 per cent and watt-hour 
efficiencies of 60 per cent, with an average capacity of about 13 
watt-hr. per lb. of cell. 


1.80 
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Tig . 37.- -Normal charge and discharge curves for Edison alkaline cells. 

Fery 3 has suggested a “dry accumulator” Snjdilute H 2 S0 4 |Pb0 2 , 
filled with ceramic material and sealed, which gives a voltage of 
1.75. Haring and Compton 4 studied the generation of SbH 3 by 
lead cells. Haring and Thomas 5 and Schumacher and Phipps 6 
investigated the electrochemical behavior of lead, lead-antimony, 
and lead-calcium materials. They recommended the lead- 
calcium alloy containing 0.04 to 0.10 per cent Ca for storage- 
battery grids, in place of the widely used lead-antimony alloy, 
and for Plante plates, instead of lead. The load-calcium cells 
retain their charges for longer periods than lead-antimony colls 
and are more efficient. The lead-calcium alloy shows higher 
conductivity than the lead-antimony alloys. 

3 French Patent 748,630. 

4 Trans . Electrochem . Soc. } 68, 283 (1935). 

5 7'rans. Electrochem. Soc. } 68, 293 (1935). 

6 Trans . Electrochem. Soc., 68, 309 (1935). 
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According to the National Battery Manufacturers 7 Associa- 
tion, an average storage battery contains better than 23 lb. lead 
per unit and in service shows a life greater than two years. 
Harned and Hamer 7 reported a summary of the molal electrode 
potentials and the reversible e.m.fs. of the lead accumulator 
from 0 to 60°C. Storage-battery life tests were discussed by 
Hatfield and Harrier. 8 

7 J. Am. Chem. Soc., 57, 33-5 (1935). 
s Trans. Electrochem. Soc. 7 71, 583, 597 (1937). 



CHAPTER XII 


RECTIFIERS AND LIGHTNING ARRESTERS 

The phenomena of film formation on metal electrodes and the 
unusual polarizing effect of aluminum have long been known. 1 
Aluminum, tantalum, bismuth, and antimony show similar 
effects in certain electrolytes at definite voltages and current 
densities. The same type of film formations occurs with almost 
any metal under suitable conditions. 2 

Film formation commonly causes a relatively small rise in 
anode potential, as a result of which metal solution continues 
with the production of ions of higher valency or is more or less 
replaced by anion discharge. In the ease of metals like alumi- 
num, nonporous films of high resistance are produced with 
resulting potentials of very large values. For example, alumi- 
num in electrolytes, such as very dilute ammonium borates, 
carbonates, phosphates, and corresponding salts of the alkali 
metals, may form films which have breakdown resistances equiva- 
lent to 600 volts. The films formed have unusual electrical 
properties, in that they are characterized by the influence of 
impressed potential on their electrical resistance. A typical 
curve 3 for an aluminum anode film in an ammonium borate 
electrolyte is given in Fig. 38. The films are capable of conduct- 
ing current more freely in one direction than another, a property 
employed in the electrolytic rectifier; their resistance decreases 
as the applied voltage is increased until they break down as 
insulators at critical voltage's, a property on which the elec- 
trolytic lightning arrester depends; and the films in small thick- 
ness are capable of retaining substantial charges of electricity 
at potentials below the critical or breakdown value, as well as 
showing high dielectric strength, a property made use of in the 
electrolytic condenser. In another form the films are produced 

1 Wheatstone, Phil. Mag., 10, 143 (1855). 

2 Oi‘ r xTHEH-8cHiTL/E, Trans. Faraday Foe., 9, 266 (1913). 

3 Slice mund, 'Frans. Am. Elect rochetn. Foe., 53, 203 (1928). 

1G5 
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for protection against corrosion, a process known as “anodizing” 
and discussed under electroplating. 

During electrolysis the anode is visibly changed. Its resistance 
grows greater and increases in voltage are necessary to maintain 



200 _ 100 . 0 TOO 200' 300 400 500 

Aluminum negative Aluminum positive 


Potential across the film, volts 

Fig. 38. — Influence of impressed potential upon the electrical resistance of the 
film on the aluminum, electrode. (Sieyrnund.) 

current flow. The film thickness increases until finally a poten- 
tial is reached at which there is a scintillating spark discharge 
between electrolyte and electrode. At potentials near the break- 
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down voltage, the surface of the anode glows with a pale light, 
readily visible in the dark. Edwards 4 states that an aluminum- 
manganese alloy anode in a 0.1 per cent INaOH solution at 220 
volts glows with a bright orange light which looks dike hot metal. 
Anions give up their charges, the electrons passing through the 
dielectric layer of the film. 

When filmed electrodes are employed as cathodes, the insulating 
layer may be readily destroyed with metals whose oxides are 
readily reducible, inasmuch as the films allow the discharge of 
H + ions. Such cathodic reductions are industrially important in 
electrolytic cleaning, discussed under electroplating. With 
metals like aluminum and tantalum, the persistence of the film 
naakes the electrode of use as an electrolytic valve. A lead anode 
and aluminum cathode in an electrolyte will allow current to pass; 
a potential reversal would result in an aluminum-filmed anode 
and lead cathode, whose resistance would he so high that only a 
very small “ leakage current” could pass. Such an arrangement 
is of use between a generator and a bank of cells being charged. 
If th.e generator stop, the cells 
could not supply reverse current 
to the generator. 

Electrolytic Rectifiers.- — Elec- 
trolytic valves may be employed 
as rectifiers for the conversion of r/1 P“f 
a.c. to d.c. Arrangements such 
as 'those shown in Fig. 39 are em- 
ployed. Four rectifier cells are 
connected as shown. 5 6 The film 
formation on aluminum allows 
the passage of appreciable current only when the electrode is 
used as cathode. From the figure it can be verified that the 
current produced on the right-hand circuit will be d.c. and that 
both positive and negative waves of the a.c. are utilized. The 
energy efficiency of the setup average's about 69 per cent. 

Two types of rectifiers have found extensive industrial use. 
The first of these is the aluminum and the second the tantalum 
rectifier. A typical aluminum. -rectifier is shown in Fig. 40. The 


A.c. 


Em. 39. 



electrolytic rectifier. 


4 “The Aluminum Industry,” Vol. II, p. 725, McGraw-Hill Hook Com 

p&ny, Inc., New York, 1930. 

6 Holland, Trans. Am. Electrochem. Roc., S3, 195 (1928;, 
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anode is a 14 per cent Si iron alloy, the cathode a rod or block of 
aluminum containing copper of the order of 0.05 to 0.1 per cent 
copper. The electrolyte is dibasic ammonium phosphate solu- 

p — tion to which potassium salts 

have been added to increase the 
conductivity of the electrolyte, 
and quantities of either malic or 
f 1 ;\ citric acid to give the resultant 

6f ^jVI !]'■ electrolyte greater capacity for 

| JL — WV holding aluminum in solution 

jg '■ j| H || ||||| and extending the life of the 

K "" T |§1§ " Jjj rectifier. The copper impurity 

n & (1 J M 1 in the aluminum electrode plays 

B ' ill S 1 an i m P or kant role. When a 

jp & B JP I m II rectifier is observed in the dark 

m J |i during operation at voltages 

approaching the sparking point, 

Fig. 40 .— Aluminum rectifier. the P ure aluminum will appear 
( Courtesy Philadelphia Storage Bat- to be emitting a shower of red- 
tery Company.) dish sparks, while the copper- 

aluminum will merely glow with the characteristic greenish light 
of a glowworm. 

Holler and Schrodt 6 studied the wave form of the current 
passed by an aluminum rectifier. The anode film, with its high 
dielectric value and resistance, acts as a condenser and allows a 
small a.c, to pass, thus decreasing the rectification efficiency. 

Many rectifier electrolytes have Leon proponed but only 
sodium, potassium, and ammonium phosphates, citrates, borates, 
and malates and their acids are commercially used. A good 
electrolyte should be highly conductive, be noiicorrosive on the 
film-free electrode, be film forming on the filmed electrode, and 
be noncorrosive to the base metal. 

The tantalum rectifier consists of a load anode, tantalum 
cathode, and an electrolyte of H 2 S0 4 (sp. gr. 1.200), to which 
FeS0 4 is added as a depolarizing salt and small amounts of CoS0 4 
to lessen the attack on the lead electrode. A rectifying action is 
due to the formation of a film of Ta 2 O r > which is porous and 
spongy. Oxygen gas is trapped in this film to form a gaseous 
layer entirely surrounding the tantalum electrode, with result- 
6 Natl. Bur. Standards ( U.S. ), Technol. Paper 265. 
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ant valve or rectification action. The FeS0 4 depolarizing salt 
lowers the counter e.m.f. of the cell and thus increases its effi- 
ciency and capacity, as well as stabilizes the unit. Some slight 
corrosion of the lead electrode occurs, due to secondary chemi- 
cal reactions. In most commercial rectifiers, the electrolyte 
is protected from evaporation by a layer of oil. 

Lightning Arresters. — The so-called “valve” type of lightning 
arrester, an example of which is the oxide-film arrester, operates 
on two basic principles, one determining the protection offered 
by the arrester and the other the ability of the device to prevent 
the flow of follow current after the impulse has passed. Effective 
protection is governed chiefly by the ability of the arrester to 
decrease its resistance with increase of current, so that the 
potential across the arrester will vary but little whether the flow 
of current be large or small. As the impulse current decreases 
following the discharge of lightning, the valve type of arrester is 
capable of so increasing its resistance that little or no system 
current follows. 

The oxide-film arrester is made in either the pellet or the plate 
form. The former is manufactured for a.c. circuits of voltages 
up to 73,000. It consists of a number of litharge coated PbOg 
pellets with a gap in series between line and ground. The pellets, 
about ^32 in. in diameter, are placed in a porcelain tube and 
assembled in good electrical contact with metal electrodes at 
each end of the column, the column being proportional in length 
to the line voltage. One or more series gaps between the line 
and the pellet column isolate the pellets from continuous applica- 
tion of the line voltage lout permit discharge at a definite voltage 
above normal. 

The plate form of oxide-film arrestor is designed for use on all 
a.c. circuits from 300 to 220,000 volts. It is made up of a number 
of cells with a gap in series between line and ground. The cells 
are held together under moderate pressure and are arranged in 
sections or stacks according to the voltage and kind of circuit. 
Cells are disk-shaped, about 7 1 ■> in. in diameter and in. thick, 
with an active area of approximately 23 sq. in. Each cell is 
made of two circular brass plait's crimped firmly to the edges of 
an annular pieee of porcelain. The spaces between the plates 
are filled with Pl>() 2 , a powder of very low resistance. The 
inside of the plates is covered with a porous varnish film whose 
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thickness is carefully controlled so that the film breakdown under 
lightning disturbances can be quite accurately predetermined. 
When a lightning voltage sparks over the gaps, it punctures the 
film on the metal plates of the cells. As soon as the film gives 
way a discharge current flows through the cells to ground, thus 
relieving the lightning pressure. 

A third important lightning arrester is the aluminum arrester 
for d.c. circuits, made up of groups of aluminum cells in series. 
The cell consists of two aluminum plates on which a film of 
Al(OH) 3 has been formed by chemical and electrochemical proc- 
esses, the plates being immersed in a suitable electrolyte. The 
aluminum plates are held in glass jars filled with electrolyte and 
are supported rigidly from porcelain covers in such a way as to 
prevent them from vibrating and short-circuiting. When the 
arrester is connected to the circuit, a small leakage current flows 
through it and keeps the film on the plates, these films preventing 
a current flow through the arrester at normal voltages. If the 
voltage be suddenly increased, as from a lightning disturbance, a 
discharge current will flow through the arrester to ground, limited 
only by the internal resistance of the cells which is very low. The 
action is quits similar to that of a steam-boiler safety valve by 
which steam is confined until the pressure rises to a certain value, 
when the valve opens and the steam escapes freely. When 
normal pressure is again reached, the valve closes. While the 
leakage current is only a few milliamperes, the plate area of the 
cells is ample to discharge lightning disturbances. The cells are 
provided with a fuse in series (600- and 1,500-volt designs) and a 
balancing resistance in multiple. The latter divides the line 
voltage equally across the cells. Evaporation of the electrolyte 
is prevented by a layer of oil on its surface. 

When properly designed, the aluminum electrolytic arrester 
may be used for a.c. lines. It consists of a series of aluminum 
cones arranged in stacks separated by spacers of insulating 
material. The space between the cones is filled with electrolyte, 
so that the cells are thus arranged in series, each cone being 
bipolar. Inasmuch as the arrester would serve as a condenser 
and permit a substantial flow of current to ground if it were 
directly connected, it is commonly connected to the line through 
a spark gap. With a voltage high enough to jump the gap, the 
arrester can function. The films tend to dissolve while the 
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arrester is idle, so that these are commonly re-formed daily by 
drawing an arc across the gap and subjecting the cells to normal 
operating voltage for a short period. 

Like ordinary static condensers, the electrolytic form consists 
of two conducting surfaces separated by an insulator, the latter 
being the high-resistance film on the conducting metal support. 
The cathode in the electrolytic cell is only an electrical contact. 
The actual thickness of film is from 0.001 to 0.00001 mm. 7 With 
aluminum electrolytic condensers, large capacities per unit area 
may be obtained. 
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Fig. 41. — Disk type of copper oxide rectifier. 


Pressure 

washer 


The Cu-Cu 2 0 rectifier has been reviewed by Grondahl. 8 
Basically it is made of a disk or sheet of copper oxidized on one 
or both sides with a tightly adhering layer of cuprous oxide, 
with a contact to the “mother” copper and another to the oxide. 
In an electric circuit such a unit will pass current more freely 
from the Cu 2 0 to the Cu than in the reverse direction from the 
Cu to the Cu 2 0. The relative resistances are a function of the 
applied voltage. In simple laboratory types, the resistance ratios 
of Cu 2 0 to Cu compared to Cu to Cu 2 0 are of the order of 1:3, 
but Smith 9 states that in practice the ratios may be as high as 
1 : 10,000. The copper must be very pure, precleaning in advance 
of the formation of the Cu 2 0 layer is important, and CuO must 
be practically absent. Typical construction of the disk type is 
shown in Fig. 41 and of the larger capacity, plate type in Fig. 42, 
while efficiencies of electroplating rectifiers are shown in Fig. 43. 


7 Siegmund, Trans, Am. Electrochem. Soc., 53, 203 ( 1928 ); Zimmerman, 
ibid., 7, 309 ( 1905 ); Hlepian, ibid., 54, 20 ( 1928 ); Sutton and Wilustrop, 
Engineering, 124, 442 ( 1927 ). 

8 Trans. Electrochem. Soc., 72, 225 ( 1937 ). 

9 Metal Cleaning Finishing, 10, 10 ( 1938 ). 
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Grondahl 10 states that the rectifier capacities, if sufficient 
ventilation be provided, are as high as several amperes per square 
inch at voltages below six, although special layers may rectify 
up to 30 volts. 
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Fig. 42 . — Cross section of plate type of copper oxide rectifier. 


Tone 11 states that SiC in the form of columns of granules in a 
chamber of insulating material is an effective lightning arrester. 
Such forms of SiC rapidly decrease in resistance as the applied 



Fig. 43. — Efficiency of plate type of copper oxide rectifier. 

voltage increases, enabling the apparatus to discharge higher 
than normal voltage surges. 

10 Loc. cit . 

11 Chemical Industries , 45 , 137 (1939). 
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CHAPTER XIII 


METAL DEPOSITION AND SOLUTION 

Industrial metal deposition processes fall into three general 
classes, each of which has differing requirements for the physical 
condition of the cathode product. In electroplating, a fine- 
grained, tenacious, strongly adherent, bright or readily polishable 
layer of crystals is necessary. In refining, relatively large- 
grained, coarse, but adherent deposits are satisfactory. These 
must be of high purity and of sufficient strength to stand ordi- 
nary handling in advance of the usual melting and casting into 
shapes for further working. In the production of metal powders 
in the electrolytic cell, controlled grain size of product is needed, 
but nonadherence or poor adherence to the cathode is a desid- 
eratum. In general, powder production calls for the antithetical 
conditions to those of electroplating. In some phases of powder 
manufacture, noncohering slimes of poor cathode adhesion are 
favorable to the production of material of desired specifications. 

In plating, efficient utilization of electrical energy is decidedly 
secondary to the quality of the plating. While high current 
and energy efficiencies are desirable, they may be sacrificed 
without upsetting the economic phases of the operation. In 
refining, particularly where thermal or chemical processes com- 
pete, power cost is a very important item; maximum current and 
energy efficiencies are vital to the economic justification of the 
method. In metal powder production, conditions approach 
refining to a far greater degree than plating, as the procedures 
compete with thermal and mechanical methods. 

Cathodieally deposited metal may vary in its characteristics 
over a wide range, depending upon the electrolyte itself, with 
particular reference to the ions present. Silver when deposited 
from a solution of AgNO :i forms large, readily visible crystals. 
Tin deposited from a solution of SnCl 2 will form long needles 
which may rapidly “bridge” from the anode to the cathode. 
The deposits of lead from a chloride 1 or acetate solution are 
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markedly different from those produced when, a chlorate ox 
perchlorate is the anion. Nickel from a sulphate bath may give 
hard deposits which may be polished but not with ease, while 
from a naphthalene sulphonate bright deposits which need little if 
any polishing may be produced. 

The character of the electrolyte, the pH of the solution, the 
metallic ion concentration, the anodic and cathodic c.d., the 
temperature of the electrolyte, the simplicity or complexity of 
the metallic ion including its primary and secondary ionization, 
as well as the presence of modifying or <l addition 7 ' agents, all 
have their effect on the character of the deposit. Some inter- 
esting work has been done on the “ titration of characteristics'* 
of electrolytes, in which case baths giving somewhat slimy, dull, 
but adherent deposits have been added to others giving highly 
crystalline metallic forms, in such proportions as to produce an 
electrolyte from which solid metal of satisfactory characteristics 
was obtained. 

In their discussion of the form of electrodeposited metals, Blum 
and Rawdon 1 conclude that the cathode discharge of metal ions 
and the formation of crystals constitute one and the same 
process. Any given ion is discharged at the point where the 
lowest discharge potential is needed. This discharge potential 
is a function of the solution pressure of the metal and the effective 
metal ion concentration adjacent to it. As further postulates of 
their theory, Blum and Rawdon hold that 

The single potential and solution pressure of a metal are the resultant 
of (1) the u primary single potential," which is defined in terms of the 
solution pressure of a single unoriented atom, and (2) the u orientation 
potential,” which is a measure of the diminution in solution pressure 
and corresponding algebraic increase in single potential caused by the 
arrangement or orientation of the adjacent metal atoms. A higher 
potential is required to discharge an ion in a position unrelated to those 
of previously discharged atoms (that is, to form a nucleus) than upon an 
existing crystal, and similarly a higher potential is required to disci large 
an ion upon a small crystal than upon a large crystal. 

The crystalline structures of cathode deposits arc classified as 
follows: 


1 Trans . Ana. ElectrocJiem . Soc. } 44 , 397 ( 1923 ). 
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Group I. — All (or practically all) the initial nuclei or crystals continue 
to grow throughout the deposit- 

1. Isolated crystals. 

a. Symmetrical. 

b . Aeieular. 

2. Contiguous crystals. 

a. Columnar. 

b. Fibrous. 

Group II. — Only part of the Initial nuclei or crystals continue to grow. 

1. Conical (“normal”). 

2. Twinned. 

Group III. — No crystals continue to grow for any extended period. 

1. Broken (compact). 

2. Arboreal (“treed”). 

3. Powdery (spongy). 

Lewis and Lacy 2 * observed that the solution pressure and single 
potential of a metal vary with the state of division. Crystal 
growth consists first of the formation of nuclei or minute new 
crystals followed by the growth of existing crystals. Any con- 
ditions that increase the rate of formation of nuclei tend to 
increase the number of crystals, and opposing conditions inhibit 
the increase. Under rather specific conditions, Rosa, Yinal and 
McDaniel 8 found' that the number of nuclei are increased with 
increases in c.d., with decrease in metallic ion and metallic salt 
concentration, and decrease of temperature. Aten and Boerlage 4 
found that the number of crystal nuclei increased if any addition 
were made to the solution which would increase the cathode 
polarization. Increasing the c.d., and decreasing the effective 
metal ion in the solution adjacent to the cathode by 

J>iluting the solution 

Decreasing the temperature, thus reducing diffusion and 
convection 

Adding a salt with a common ion 

Introducing a colloid addition agent 

Increasing the viscosity of the solution 

Forming of complex ion 

increase the cathode potential difference and the number of 

2 J. Am. Chern , Sac., 36, 804 (1914). 

z JSfatl. Bur. Standards (U.S.) 7 Sri. Paper 195, 1912. 

4 Eec. trav. chzm., 39, 720 (1920). 
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crystal nuclei. These factors all tend toward the production of 
fine-grained deposits. 

Replenishment of metal ion concentration, particularly at the 
surface of the cathode, is affected by dissociation, ionic migration, 
diffusion, and convection. The growth of existing crystals may 
be fostered by acceleration of these factors and hindered by 
retarding them. The tendency of metals like silver and lead 
deposited from nitrate solutions to form isolated crystals is partly 
due to the relatively large change in density of the solution 
produced by the removal of the metal. Blum and Rawdon have 
summarized the effect of various factors upon the structure of 
deposits, as given in Table XXII. 

Table XXII. — Direction op Effects upon Structure op Deposits 


Change in. Structure 

Change in Operating Condition > Group 

Increase metal salt concentration. Ill— >11— »I 

Increase metal ion concentration Ill — > II — »I 

Agitate solution I IT — > 1 1 — > I 

Elevate temperature Ill— >11— » I 

Increase conductivity of solution Ill— >11— >1 

Add colloids to solution I— >11— >111 

Increase viscosity of solution I — > II — > III 

Increase c.d I — > II — > III 


Decreasing the metal ion concentration decreases the size of 
the crystals. Fine-grained, bright, or hard deposits are produced 
at low temperatures, while increase of temperature causes coarse 
or soft deposits. The effects of increases of c.d. and temperature 
are in opposite directions. It is therefore possible' to obtain flue- 
grained deposits in warm solutions at a high c.d. as well as in 
cold solutions with a lower c.d. Additions of colloids in more 
than small amounts, increases of viscosity, and increases in c.d . 
tend in the direction of broken crystals, arboreal, or powdery 
forms of elect roly tically precipitated material. 

Temperature. — Increases of temperature* ordinarily increase 
the conductivity of the electrolyte as well as increase diffusion 
rates, chemical solution at tlic* anode, and re-solution at. the 
cathode. The over-all net effect is a decrease of polariznt ion and 
a lowering of the cell voltage. Increases of temperature stimu- 
lates crystal growth rather than encouraging the formation of 
new nuclei. Lowered resistivity of the electrolyte with increased 
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temperature causes lessened current concentration at protruding 
points on the cathode, so that irregularities develop less rapidly 
•than at lower temperatures. When polarization varies directly 
with c.d., inasmuch as increase of temperature reduces this 
polarization, nodule formation may be favored by higher tem- 
peratures in that higher c.d. may be employed for the same 
polarization value. Hydrogen evolution and precipitation of 
oxides are lessened through th§ reduction of the polarization and 
their effect on the character of the deposit decreased. Base 
metals of high hydrogen overvoltage, like zinc, act in an opposite 
manner. Temperature increase promotes hydrogen evolution 
and the precipitation of contaminating salts. Both these factors 
deleteriously affect the character of the deposit. 

Current Density. — Increasing the c.d. of the cell, in that the 
current per unit of area of electrode surface is intensified, aug- 
ments the capacity or output of products and decreases capital 
cost, floor space per unit of product, and interest charges on 
material in operation. Upward changes in c.d. cause ceil 
voltages and contact losses to rise, while energy efficiencies are 
lowered. In most electroplating operations, the' range of c.d. is 
limited, in that the physical character of- the deposit is the con- 
trolling factor. 

For any given process, the most desirable c.d. results from a 
balance of many factors, such as power cost, operating charges, 
value of material in process, energy consumption per unit of 
product, for example. In materials as valuable as gold under- 
going refining, high c.d. are employed even though they be less 
efficient, to speed the valuable product through the operation 
and minimize high interest charges. 

Conductivity. — In many baths additions of salts, acids, or 
bases are made to lower the resistance of the electrolyte 1 . The 
potential drop through the electrolyte itself is lowered for the 
same c.d. It is not possible to change 1 the conductivity of a 
solution without changing some 1 other properties such as the 
metal ion concentration. The addition of H 2 S(> 4 to a CuS0 4 
solution increases the conductivity, hut the common ion effect 
doorcases the CiU ion concentration. Inasmuch as the increase 
in conductivity produced by the H2SO4 is many times greater 
than the decrease in metal ion concentration, the assumption is 
made that better performance is due t.o the lowered resistance. 
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Throwing Power. — Throwing power may be defined as that 
property of a solution by virtue of which relatively uniform 
distribution of metal is obtained upon a cathode of irregular 
shape . 5 It may also be defined as the deviation of the actual 
metal distribution from the primary current distribution. 
Haring and Blum 5 by mathematical and experimental means 
have shown that throwing power is dependent upon the rate of 
change of cathode potential with c.d., the resistivity of the solu- 
tion, and the cathode efficiency at various c.d. They devised a 
mechanism for measuring under definite and reproducible con- 
ditions the metal distribution upon two plates at the same poten- 
tial with respect to each other but situated at different distances 
from the anode. Pan 6 proposed the term “throwing efficiency ” 
as a value indicating the extent to which the throwing power 
approached a unity value. 

These factors are of considerable technical importance in 
electroplating and electroforming. The primary current dis- 
tribution is determined by the dimensions of the electrode and 
of the electrolyte. It is realized only when there is no polariza- 
tion at the cathode or the polarization is equal on all parts of the 
cathode, or when a.c. of sufficient frequency is applied to reduce 
any polarization tendency to a minimum. The actual or second- 
ary current distribution is a function of the composition of the 
electrolyte. The distribution of metal on a cathode is determined 
by the secondary current distribution and the cathode current 
efficiency. Mathematically, throwing power may be computed 
from the cathode single potentials, the conductivity of the solu- 
tion, and the current efficiencies. 

Metal Ion Concentration. — The metal ion concentration in an 
electrolyte is affected by the molal concentration of the salts, 
their ionization (which in turn is affected by the molal concen- 
tration), the temperature, the presence or absence of common 
ions or of bath constituents with which complex ions are formed 
(which in turn give rise to metal ions not by primary but by 
secondary processes). Additions of common ions produce only a 
relatively slight change in metal concentrations, particularly in 
concentrated solutions, as the result of the limited solubilities 
of the salts which might he added. Formation of stable complex 

5 Trans. Am. Electrcchem. tSoc., 44 , 313 ( 1923 ). 

6 Trans. Am. Electroche7n. Soc., 68 , 423 ( 1930 ). 
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ions markedly reduces the metal ion, concentration. Very low 
molal concentrations yield powdery deposits even at low c.d. 

Of the complex ions, those of the “ double cyanides’ ’ are 
favored for the plating of metals such as silver, copper, cadmium, 
zinc, and brass for example. Metal ion concentration is low as 
the result of secondary ionization, while the primary ions serve 
as a reservoir from which a small hut constant supply of material 
available for crystal growth, is furnished. 

pH . — The pH of an electrolyte from which metal is deposited 
markedly affects both the character and appearance of the deposit 
as well as the current efficiency. In some industrial processes 
such as nickel, buffers such as boric acid are added to maintain 
the pH at a desired point. In nickel plating different operating 
conditions are necessary if the process be carried on near the 
neutral point or at low pH under conditions of relatively greater 
acidity. In iron deposition the acidity of the bath may be such 
that there will be chemical dissolution of the deposit whose rate 
may exceed that of electrolytic deposition. In a somewhat 
analogous manner the pH of the bath may be so high., i.e,, so 
alkaline, that similar dissolution effects are encountered under 
poor operating conditions. In elect rowinning operations, as the 
electrolyte is depleted of metal, the pH increases so that deposi- 
tion occurs over a wide range of conditions. Decrease in pH, 
i.e., increase in acidity, favorably affects the conductivity and 
increases the deposition polarization. The precipitation of basic 
salts is prevented, but hydrogen evolution is favored. 

A.ddition Agents. — -A. wide range of colloidal or reducible sub- 
stances have been added to electrolytes to improve the quality 
of the deposit. Bancroft 7 stated that crystal size is decreased 
when there arc present at the cathode surface substances which 
are adsorbed by the deposited metal. A. wide range of high 
molecular weight organic products have been found to give 
smoother and finer grained deposits in particular cases . 8 Sub- 

7 Trans . Am. Electrochem. Soc., 6 , 27 (1904); 23 , 266 (1913); J. Phys. 
Chem., 9, 277 (1905). 

8 Mathers, Trans. Am. Electrochem. Sot., 21, 313 (1912); 24, 315 (1913); 
26 , 99 (1914); 31 , 271 (1917); Frolich, Ciwrk and Aborn, ibid., 49 , 369 
(1926); VumLEtnvnuR, ibid., 50 , 229 (1926); Fuseya and Murata, ibid., 50 , 
235 (1926); Fuseya and Nagano, ibid., 52 , 249 (1927); Westbrook, ibid., 
55 , 333 (1929); Kern mid Rowen, ibid., 55 , 379 (1929); Kern and Jones, 
ibid., 57 , 255 (1930). 
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stances which increase the weight of the cathode deposit, i.e., 
are adsorbed, tend to reduce the size of the crystals in the 
deposit, whereas substances which do not vary the crystal size 
cause no increase in the weight of the deposit for the same amount 
of current. 

Metallic ion additions affect the character of deposits. They 
are often referred to as brighteners, an example of which is the 
addition of nickel, cobalt, or copper salts to cadmium electrolytes . 9 
Addition agents such as glue in copper and lead refining, or 
reducible sugars in cadmium and tin plating are common. 

Anodic Metal Solution. — Anodic solution of a metal in an 
electrolyte of its own ions takes place almost reversibly with the 
development of some concentration polarization in the films 
adjacent to the anode. When the electrolyte is such that the 
metal ion exists in complex form, even at moderate c.d. some 
polarization exists. The amount of this polarization varies with 
different metals. The formation of anode films and the onset of 
passivity are factors which increase this polarization necessary 
for the continuance of anode solution. In industrial operations, 
substances termed “anode corroding agents” are present or are 
added. Chlorides are very effective in this regard and are found 
in nickel-refining and nickel-plating solutions to overcome the 
tendency of the metal toward passivity. Formerly nickel 
electroplating anodes contained an appreciable amount of carbon 
and as a result were impure. Later the effect of small amounts of 
sulphur as a depolarizing agent was utilized to advantage in the 
preparation of nickel anodes. In industrial processes it is seldom 
that pure metals are employed as anodes; in refining operations 
the composition of the anode is quite complex. 

The metals of the iron group tend to depolarize the OH" ion 
discharge. ‘‘Oxygen alloys 7 7 may be formed at potentials lower 
than that required for oxygen evolution, and the anodic solution 
of the metal may be retarded. This may continue so that 
potentials are reached at which there is a cessation of metal 
solution, and oxygen evolution takes place. The anode is then 
“insoluble 77 and passive. 

In the case of the so-called (£ insoluble anodes , 77 the anode 
material may act as a catalyst for the oxygen evolution reaction, 
with resultant decrease in anodic solution of the material. 

9 Westbrook, Trans. Am. Electrochern. Soc., 55 , 3 33 ( 1029 ). 
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Noble metals such as gold show anodic solution only within a 
very limited range, -whereas platinum and related metals under 
most circumstances behave as practically insoluble anodes. The 
passivity of metals is of considerable industrial importance and is 
discussed further under electrolytic corrosion and in connection 
with the commercial application of insoluble anodes. 

The previous mechanical and thermal history of the metal 
employed as an anode is often of great importance. Operations 
such as rolling, hammering, welding, drawing, or deforming as 
well as heat treatment, cause increased electrolytic solution 
pressures to exist. Metals in a state of strain will have more 
negative electrolytic potential values than those normal for the 
metal. The differences, however, are usually small. Metals 
used as anodes in any case are never free from local differences 
in structure. They will often show small differences in electro- 
lytic potentials at various parts of their surfaces. The baser 
portions of the anode will dissolve first. Often undissolved or 
insoluble particles will fall off and become slimes at the bottom of 
the tank, or else remain in suspension in the solution. Consider- 
able differences in practice are often observed in the action of 
rolled or hammered metal as contrasted with cast material. 
This topic will be discussed in greater detail under electrolytic 
refining. 

In general, the more negative metal or compound at the 
surface of the anode will dissolve first. When this is all used up 
and the electrolyte docs not have access to underlying portions 
because they are covered by the other components, the next 
most negative compound or metal will dissolve at an electrode 
potential corresponding to the new process. The more negative 
material may be removed from the neighborhood of more positive 
metals or compounds and so loosen it that it becomes detached 
from the body of the anode, falling to the bottom of the tank to 
become part of the anode mud. 

In electrolytic metal refining, high c.d. are used so that anode 
potentials are greater than their equilibrium value. Con- 
stituents ordinarily insoluble may dissolve under these conditions. 
Adhering layers may coat the electrode, interfering with metal 
solution and affecting polarization to an extent that these values 
may be raised and the coating itself be caused to go into solution. 
If, however, the slimes readily detach themselves and drop from 



184 


ELECTROLYTIC & 


the anode, disturbances such as those described may not occur. 
The crude anodes containing only a few per cent of impurities, 
which in turn consist not of one metal but of several, favor effec- 
tive electrolytic refining. Complex: alloys consisting of solid 
solutions of many constituents dissolve less readily than simple 
binary or ternary forms. 

Anode F ilm Formation. — If the metal ions pass into an electro- 
lyte containing anions which precipitate out to form, insoluble 
or slightly soluble substances, coatings or films may form over 
the anode. If, however, the electrolyte contain constituents 
which dissolve the normally insoluble material, anode solution 
will continue. In a chloride electrolyte a lead anode tends to 
become coated with insoluble PbCh, but if the electrolyte contain 
a sufficient quantity of ISTaCl in which PbCl 2 is soluble, anode 
solution will proceed. On the other hand, in the case of the lead- 
silver alloys proposed for chlorine electrolysis, 10 consisting of 
61 per cent Ag and 39 per cent Pb by weight, the insolubility of 
the anode is a function of the strongly adhering insoluble silver 
chloride-lead peroxide him. Film formation on aluminum 
anodes is the basis of “anodizing,” discussed in connection with 
electroplating, which produces corrosion-resistant coatings on 
aluminum and its alloys. The effect of film formation in rectifi- 
cation has been discussed elsewhere. 

Anodic solution of the metal is modified by the formation of 
films, as a result of the electrical resistance, porosity, and physical 
character of the film. The coatings reduce the effective electrode 
surface and increase the c.d. at the remaining areas. This, in 
turn, causes voltage or polarization effects and the onset of new 
electrode processes. If the film be of high resistance and low 
porosity, metallic ion solution will cease. If, ho woven, the coat- 
ing be of low resistance and high porosity, anions may migrate 
through the film and discharge at its surface. 

When precipitates which would otherwise coat the electrode 
are caused to form at some distance from the electrode as the 
result of diaphragms or electrolyte flow, the basic conditions 
involved in electrolytic pigments are established. If hud be 
r electrolyzed in dilute H 2 S0 4 , insoluble PbS0 4 films wh ich are poor 
conductors soon coat the anode. Current density and potent ial 
rise. A new electrode process, that of tetravalent lead-ion 

10 Fink and Pan, Tran#. Am. Meclrochem, 8oc. } 49, 85 (1926). 
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formation, may set in. The PbS0 4 may hydrolyze and give rise 
to the formation of Pb0 2 which is then deposited on the anode. 
This has good adherence and is a good conductor, and effectively 
converts the electrode into an insoluble Pb0 2 material at which 
there is no anodic metal solution but only oxygen evolution. If 
chlorates be present 11 in the electrolyte in sufficient quantity, 
soluble lead salts will he formed, which in turn will be precipi- 
tated as PbS0 4 at some distance from the anode, and anodic metal 
solution will continue. A somewhat similar set of conditions is 
used in the production of electrolytic white lead and lead pig- 
ment, which are discussed from the industrial viewpoint elsewhere 
in this volume. 

Muller 12 found that bismuth and antimony behave in a manner 
similar to lead in H 2 S0 4 solutions. Tin gives stannous ions and 
a film of SnS in sodium sulphide electrolytes. 13 The film causes 
potential increases so that stannic ions, which form SnS 2 soluble 
in the electrolyte, are produced as the result of the major anode 
reaction. 

Passivity. — Metal solution at the anode may, without notice- 
able film formation, be obstructed by or replaced by anion dis- 
charge. Metals of the iron group and chromium require high 
polarization for anodic solution and are readily rendered passive. 
The metal acts as if it were rendered insoluble or were ennobled, 
behaving like platinum and gold. The reversible potentials of 
these metals are close to those necessary for oxygen evolution. 
Tin shows passivity in alkaline solutions. Foerster and Dolch 14 
showed that this condition could be removed by mechanical 
abrasion of the anode. Schoch 15 found that the c.d. at which the 
electrodes become passivated was affected by the anions in the 
electrolyte. Halides, mentioned previously as an anode corrod- 
ing agent in industrial processes, tend to prevent passivity; 
oxidizing agents may induce it. 

u Luckow, Z. Elektrochem., 3, 4S2 (1897) ; LeBlanc and Bin^dschedler, 
ibid ., 8, 255 (1902); Isenetjrg, ibid . , 9, 275 (1903) ; Just, ibid ., 9, 547 (1903); 
Just, Asklenasv, and Mitrofanoff, ibid ., 15 , 872 (1909); Fischer, ibid ., 
16 , 355 (1910); Schleicher, ibid ., 17 , 554 (1911). 

12 Z. Elektroche/m., 15 , 096 (1909). 

12 Wolf, Elektrochem ., 13, 209 (1907); 15 , 236 (1909). 

14 Z. Elektrochem., 16 , 599 (1910). 

in Trans. Faraday Soc., 9, 275 (1914). 
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Considerable study has been devoted to regulation of c.d. at an 
electrode which may be made alternately passive and active, 
assuming such states in a cyclic fashion . 16 The superposition of 
a.c. to eliminate or reduce passivity in connection with noble 
metals such as gold is employed in the Wohlwill refining process. 
Chromium is readily rendered passive, particularly in electrolytes 
such as chromic acid. This condition sets in so readily that 
processes for chromium plating are unable to operate with chro- 
mium anodes as a source of metal for deposition at the cathode. 

The question of passivity in connection with individual metals 
has been much studied 17 and many theories have been proposed . 18 

16 Adler, Z. physik. Chern ., 80, 385 (1912) ; Sammltjng, Chem. Vortrdge, 
19 , 289 (1913); Smits and Lobby de Brityn, Proc . Acad. Sci. Amsterdam , 21 , 
382 (1919); McCulloch, Trans. Am. Electrochem. Soc. 7 50,379 (1926); 66, 
325 (1929). 

17 Foe ester, “ Elektrochemie wasseriger Losnngen,” pp. 415-429, 
Johann Barth, Leipzig, 1923. 

18 Trans. Faraday Soc ., 9 , 203-290 (1914); 19 , 748 (1924); Bennett and 
Bttrnam, J. Phys. Chem ., 21 , 107 (1917); Bancroft, ibid., 38 , 785 (1925); 
Aston, Trans. Am. Electrochem. Soc., 29 , 446 (1916); Evans, Ind. Eng. 
Chem., 17 , 363 (1925); Baylis, ibid., 18 , 370 (1926); Whitman, Chem. Rev., 
2 , 419 (1926). 



CHAPTER XIV 

ELECTROPLATING AND ELECTROFORMING 

Electroplating concerns itself with the production of metallic 
coatings on metal objects and to a limited extent on nonmetallic 
articles. These coatings are very thin layers of some other 
metal or metals over the original surface of the object. The 
plating may be applied for decorative purposes and after appli- 
cation may be given various chemical and electrochemical 
treatments with the resultant production of different colored 
“finishes.” The plating may be deposited for the purpose of 
improving the corrosion resistance of the base metal and length- 
ening its industrial life. In many cases platings are made for 
combinations of these purposes. Electroplating operations 
allow the use of relatively cheap metals from which the object 
may be fabricated, these base materials being coated with a 
layer or layers of other metals to improve their appearance and 
increase their ability to withstand the destructive influence of 
the atmosphere and industrial conditions. A special modifica- 
tion of electroplating concerns itself with the application of 
metallic coatings on articles which are worn or damaged, in which 
case relatively thick layers of metal are built up on these pieces. 
In still other cases objects such as gages may be manufactured 
so that their dimensions are smaller than those of the finished 
article, and the object plated to its final dimensions, the covering 
being of a harder and more resistant material than the main 
body of the article. Chromium has found particular application 
in this connection. 

In general the metal to be deposited Is dissolved from an 
anode of the material immersed in an electrolyte containing ions 
of the metal which are discharged on the object being plated as 
cathode. This arrangement may be modified and an insoluble 
anode used, the metal being plated from a dissolved salt in the 
plating bath. Where soluble anodes are used, the electrochemical 
action at the cathode is the reverse of that at the anode. The 

187 



188 


ELECT ItOL YTJCS 


e.m.f. applied at the terminals of the bath is used to overcome 
the ohmic resistance of anodes, cathodes, connectors, the external 
circuit, the various contact resistances, the resistance of the. bath 
itself, the voltage drops through the films adjacent to the anode 
and cathode, and concentration polarizations at these points, 
plus other polarizations for the deposition of the metal in question 
and the difference between the anodic solntion and the cathodic 
deposition potentials of the metallic ion in question. In the case 
of insoluble anodes where oxygen may be evolved, the anodic 
solution potential of the metal is eliminated and the overvoltage 
of oxygen as well as the decomposition voltage of the electrolyte 
become important factors. In general the terminal e.m.f. of 
a plating tank is low. Electroplating generators are built to 
supply either 6 - or 12-volt high-amperage current. 

Preparation of Articles for Plating. — Preparation of articles 
"for plating is as important as the plating itself for the production 
of high-quality finishes of impervious adherent metal coatings. 
It is of greatest importance that the article to be plated he 
thoroughly cleaned. Foreign materials likely to adhere to 
metallic surfaces are of two kinds: Cl) oxides or related products 
of corrosive influences, such as scale, tarnish, or rust; and (2) 
organic substances such as grease, oil, and various forms of dirt. 
In general, if the grease and corrosion products be removed, other 
f-oreign substances will also be eliminated. Generally the cor- 
rosion products are oxides removable either by mechanical 
abrasion or by pickling, involving solution in acids. ^ In the 
latter case grease must be removed first so that uniform action 
of the pickling acid may be obtained. No general statement 
can be made as to methods applicable to the preparation of 
articles for plating, in that a large number of factors need to be 
taken into account. Some of these are the material of the object 
and its condition, shape, size, composition, and surface appear- 
ance. Ordinarily the plating will exactly follow the contours of 
the object to be plated. Smooth finishes can be produced only on 
smooth surface objects. Rough surfaces can he treated mechan- 
ically by sandblasting, steel-wire brushing, grinding, and “cut- 
ting down ;? with abrasives. Some removal of the roughness of 
the object may be accomplished by pickling, generally with 
H2SO4 or occasionally in HC1 or other acid solutions. The 
chemistry of pickling in recent years lias received much study, 



ELECT ROD LA TING AND ELECT REFORMING 


189 


and considerable attention lias been paid to the factors involved 
in equipment for large-scale operation . 1 

Grease, oil, dirt, and lacquers are removed by some form of 
alkaline cleaner, often containing oxide solvents such as cyanides, 
and detergents such as Na 3 P04, as well as other materials. 
These may be operated alone or with the aid of the elect lie 
current in which case the object is suspended in the cleaning 



Fig. 4 4. — Chromium plating in an automotive plant. ( Courtesy The Iro? i Age.) 


solution from a rod and is made cat hode, or in other cases alter- 
nately anode and cathode in the circuit. At other times grease 
and dirt may be removed hy organic solvents, usually of the 
petroleum typo. In some cases after cleaning, the object may 
he further pickled or else may receive additional mechanical 
surfacing treatment for the production of preliminary polishes. 
In the cane of nonferrous articles, pickling is ordinarily done in 
so-called “bright” arid dips consisting of mixtures of concen- 
trated H2SO4 and HN0 3 with the addition of small amounts of 

1 Imiiofp, W. G., “Pickling of Iron and Steel,” The Ponton Publishing 
Co., Cleveland, 1929. 
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salt. Depending upon tie object and the type of surface to be 
produced on the article, the preliminary flew sheet may wary 
widely in different industries. In order to avoid contamination 
of solutions, one by the other, as a result of the material being 
carried over when articles are transferred, and the introduction 
of acids into cyanide plating baths or vice versa, all operations 
irrespective of their nature are followed by washing or rinsing. 



Fig. 45. — Automatic nickel plating. (Courtesy The Iron Age . .) 


Electrolytic Cleaning. — In electrolytic cleaning, solutions con- 
taining a fairly high content of alkali are employe *d as electrolyte. 
Alkaline salts such as INTasPO* or TsTaaCOs are added to control 
the alkalinity of the solution and aid in emulsifying “dirt.” 
Iron anodes or, more frequently, the iron tanks are used as 
anodes, the object to be cleaned being hung on the cathode; bar. 
Sufficiently high e.m.f. is applied so that a c.d. of at least 10 amp. 
persq. ft. (1 amp. per dm. 2 ) is obtained on the cathode, at which 
a vigorous evolution of gas occurs. Cleaning takes place rapidly, 
partly as the result of the formation of free alkali at the cathode, 
but also because of the mechanical action of the hydrogen which 
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is evolved on the metal surface and tends to lift off films of oil, 
grease, paint, and dirt, and to assist in their emulsification. The 
gas evolution causes agitation of the solution and hence con- 
stantly brings fresh portions of the bath to the cathode surface. 
When zinc, tin, lead, or their alloys are cleaned elect rolytically, 
there is a tendency for them to dissolve in the alkaline solution 
and be redeposited in small amounts in thin films. These films 
may prevent adherence of electroplatings. Under such con- 
ditions the redeposited metal is removed by causing the piece to 
function as anode for a short time. Electrolytic cleaning has 
been applied industrially in operations not connected with 
electroplating, such as the removal of paint from paint cans so 
that they may be reused, cleaning of steel barrels, drums, and 
shipping containers. 

Electrolytic Pickling. — Recently electrolytic pickling has found 
commercial employment, particularly for the removal of oxides 
on machined parts which have been heat treated. The operation 
is analogous to electrolytic cleaning in that the object to be 
pickled is hung on the cathode rod and suspended in an acid 
electrolyte containing chiefly H 2 S0 4 . Operating temperatures 
vary from room temperatures to those near the boiling point, 
depending upon the object treated. Sufficiently high c.d. is 
applied so that hydrogen is copiously evolved at the cathode. 
The hydrogen in expanding pries off the scale hit by bit and 
bubbles to the surface. Lead anodes are commonly used. If 
the electrolyte contain chlorides as the result of addition of 
either EC1 or E'aCl, the anode will be attacked and a thin layer 
of lead deposited on the object being pickled. Experimental 
tests do not indicate any striking advantage of the electrolytic 
over chemical pickling methods as far as the amount of acid used 
is concerned, but it is possible to employ lower temperatures and 
obtain better surfaces with electrolytic pickling than by chemical 
methods. In the case of steel, the amount of iron dissolved hy 
the two methods varies considerably with different kinds of scale. 
Electrolytic pickling in general is more rapid than chemical 
pickling. 

Scale-removing methods have been devised which consist first 
of electrolytic pickling followed by electrolytic cleaning. In one 
method the object is hung as cathode in a lead- or rubber-lined 
tank with anodes of metals which form protective films on the 
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object, such as lead which is commonly used, or tin and zinc. 
Electrolytic pickling is done in an electrolyte consisting of dilute 
H2SO4 and HC1 and some Na€l at 65°C. Because of the pres- 
ence of chlorides in the electrolyte and resultant anode corrosion, 
thin adherent metal films of lead are deposited on the object 
being pickled. This action continues until all the scale has been 
removed and all the surface coated. At this time the object is 
removed from the acid hath and placed as anode in an electrolytic 
cleaner containing soda ash, caustic soda, and a small quantity 
of NasP0 4 at 90 to 100°C. In this bath the lead coating deposited 
in the acid bath is removed, after which the object is withdrawn, 
washed, and dried. The process is stated to be free from the 
difficulties of pickling and hydrogen embrittlement. It need not 
be very carefully controlled, inasmuch as in the acid bath, after 
the first layer has been deposited, further action results in the 
deposition of porous spongy deposits without detriment to the 
object. 

Constituents of Plating Baths. — Plating baths may be con- 
sidered to consist of a number of different parts: (1) the salt or 
acid containing the metallic ion or radical ; ( 2 ) if this salt be jjiot 
sufficiently conductive, an additional salt whose function if to 
increase the conductivity of the bath; (3) if the metallic ion salt 
or acid does not so serve, a material to increase anode corrosion 
and prevent its passivity; (4) added materials termed “addition 
agents/’ employed in small amounts to affect the crystalline 
nature of the deposit; and (5) if the bath be operative successfully 
only over a narrow range of acidity, a buffer to maintain the 
proper pH of the solution. Some baths may contain all of those; 
others may not, in that one substance may have more than one 
function. For example, a common nickel-plating solution will 
have the metal ion in the shape of NiS(>4-7H 2 0, NH 4 C1 or 
(NK^SCh to increase the conductivity of the bath, NICV6H2O 
to assist anode corrosion, and H3BO3 which acts as a buffer to 
maintain the pH of the solution. In the case of a tin bath the 
tin salt would be furnished by Na 2 SnC>3, the conducting salt by 
NaOH which also assists anode corrosion, the addition agent to 
effect the deposit being glucose or other organic materials. 

Prom the industrial viewpoint the plating baths may be divided 
into a number of types, examples of which are the sulphate* hat hs, 
the cyanide, the chloride, the pore hi orate., the phosphate, and 
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the solutions from which precious metals are deposited. In 
most cases a metal anode is the source of* the plating metal. 
These are either as pure as can he commercially obtained or else 
specifically modified in their composition to affect the cathode 
deposit in a desirable manner. In a number of cases, however, 
the electrolyte constituents are the source and reservoir of ions 
for the cathodic deposit. Insoluble anodes are employed. In 
still other cases a combination of insoluble and active anode may 
he used as in the cadmium cyanide haths where both, cadmium, 
which dissolves and forms Cd+ ions, aritTsteel, which does not, 
are employed as anodes. Such a setup is made to balance anodic 
solution and cathodic deposition which occur at different rates. 

Structure of Deposits. — Elect rode posited metals all show 
crystalline structure upon IX-ray examination. It appears that 
differences in their physical properties and appearances are caused 
by differences in the size and shape of the crystals. A number 
of factors affect the characteristics of plated deposits, 2 such as 
c.d. 3 concentration and agitation of the solution, temperature, 
conductivity of the solution, metal ion concentration, H 4- ion 
concentration, the use of addition agents, the structure of the 
base metal, and the throwing power of tlm jolution. This latter 
term refers to the characteristic of a platii^bath in reference to 
its relative metal distribution oi^Jfcxogiilarly shaped objects. 
When this distribution is uniform, : 4tefr>ath is said to have good 
throwing power. Most conducting salts and substances that 
increase cathode polarization tend to improve throwing pov T er. 

Plating baths are operated withirF&efinite c.d. ranges, beyond 
which poor types of deposits result^ Plating baths having low 
ionic metal concentration are in general use for the production 
of fine-grained or so-called u amorphous” deposits which are 
readily polishable. Such low ionic concentration is produced not 
by dilute solutions but either by the use of salts showing low 
ionization or salts whose ionization is depressed by the addition 
of another salt having a common ion, or by the employment, of 
compounds producing the metallic ion not by primary but by 
secondary ionization, or by reduction by cathode products. 
Examples are the use of double salts such as NiS( 

6H 2 0, complex compounds such as the double' cyanides, and in 

2 Blum and Hogaboom, “Principles of Electroplating and Elect re- 
forming, ,r McGraw-Hill Book Company, Inc., New York, 1930. 
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Tab ie XXIII. — Electroplating Baths 






Temper- 




Cathode c.d., 

ature, 

Metal 

Bath type 

Anode 

amperes per 

degrees 




square foot 

Centi- 





grade 

Brass 

Cyanide 

Cu-Zn alloy 

2-3 

32-45 

Cadmium . 

Alkaline cyanide 

Cd 

10-50 

20-30 

Chromium 

Chromic acid 

Pb 

100-300 

40-50 

Cobalt.. .. 

Sulphate 

Co 

30-165 

20-30 

Copper. . . 

Acid sulphate 

Cu 

15-40 

25-50 


Alkaline cyanide 

Cu 

3—14 

35-40 

Gold 

Cyanide 

Au 

1-5 

60—80 

Iron 

Chloride 

Fe 

100-180 

90-110 


Double sulphate 

Fe 

20-30 

20-30 

Lead 

Pluob orate 

Pb 

5-20 

20-30 


Perchlorate 

Pb 

20-30 

20-30 

Nickel. . . . 

Single sulphate 


5-20 

20-30 


Double sulphate 


3-6 

20-30 


Sulph at e-chloride 


14-50 

50-60 

Platinum.. 

Phosphate 

Pt 

1 

70 

Rhodium. . 

Sulphate or phos- 


20-80 

40-50 


phate 




Silver 

Cyanide 

Ag 

3-8 

1 5-25 

Tin 

Alkaline stannite 

Sn 

10 

50 


Alkaline st annate 

Sn 

5-1 5 

60 

Zinc 

Sulphate 

Zn 

1 2-30 

20-30 


Sulphate (hot) 

Zn 

80-100 

50-60 


Chloride 

Zn 

40-1 00 

20-40 


Alkaline cyanide 

Zn 

8-20 

4 0-50 
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the specific case of chromium, chromic acid. In general deposi- 
tion potentials are lower than the decomposition voltage of water, 
but in the case of chromium or of alloys such as brass, the deposi- 
tion potential is above that of the decomposition of water, and 
hydrogen is evolved at the cathode. The latter condition is 
essential for the deposition of chromium, and about 70 per cent 
of the current is consumed in hydrogen evolution. Plating bath 
current efficiencies are usually above 99 per cent- A large 



Flu. 46. — -Automatic \init plating radiator shells, showing unload end- {Cour- 
tesy General . Motors Corporation.') 


number of common and precious metals are commercially plated. 
The general characteristics of the baths employed are given in 
Table XXIII. After plating and drying, the objects may be 
polished, usually with mild abrasives such as tripoli and rouge 
on high-speed wheels. 

Plating Equipment. — Mechanical equipment for plating 
assumes many different forms. Small objects are usually plated 
in large quantities in barrels which rotate in the plating solutions. 
Larger objects are generally wired or hung oil rods which in turn 
connect with cathode bars. In recent years there has been an 
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extensive development of automatic plating, in which the succes- 
sive operations involved in the entire production flow sheet are 
mechanized by having the obj cct hung on rods suspended from 
conveyors with automatic mechanisms causing the object to 
pass through different baths such as cleaners, dips, plating solu- 
tion, rising out of the tank at one end and dipping into the 
next one "by a tripping and raising action connected to the con- 
veyor. Figure 46 shows a view of a machine of the type widely 
employed in the automotive industries for radiator plating, where 
the radiators receive successive finishes of copper, nickel, and 
chromium. 


PIATmO SOLUTIONS 

In recent years a very extensive literature on electroplating 
has developed, particularly since the introduction of chromium 
plating and its wide application. For greater detail than is 
given here, the reader is referred to some of the standard text- 
books on the subject. 3 

The individual metals will be discussed in alphabetical order. 

Aluminum. — Aluminum cannot be deposited from aqueous 
solutions, but Xeyes and Swann 4 * electrolyzed Grignard com- 
pounds, such as diethyl aluminum iodide and ethyl aluminum 
diiodide, in ether with an aluminum anode and a copper cathode 
to give smooth deposits of aluminum. The reaction chamber 
was cooled by means of an ice bath, the electrodes were 1 cm. 
apart, the voltage was 40, and the c.d. was 0.02 amp. per cm. 2 . 
Blue and Mathers 6 stated that aluminum could ho deposited with 
a cathode efficiency above 75 per cent from a bath containing 
20 g. A1 Bt 3 , 20 g. AlCls, and 4 g. Al, in a solvent consisting of 40 
cc. C 2 H 5 3r, 80 cc. C 6 H 6 , and 40 cc. (CH 3 ) 2CAH4- 

Antimony. — Antimony may ho plated from the bath proposed 
by Hoseleur consisting of 50 g. of Sb 2 Ss dissolved in 100 g. of 
Na 2 CC>3 per liter, or in a chloride bath 6 containing 10() g. of tartar 

3 Bl.vm and Hogaboom, ibid.; Freeman arid Hoppe, “Electroplating 
with Chromium, Copper, and Nickel,” Prentice-Hall, rue*,., Nmv York, 
1930; Langbein, “Electrodeposition of Metals," II. O. Baird <fe Co., Inc., 
New York, 1920. 

4 Ind . Eng. Chem., 20 , 1068 (1928). 

B Trans. Electroch,e?n. sSoc., 69, 519, 529 (1936). 

6 Ghosh and Kappand, T.Thys . Chem., 28, 149 (1924). 
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emetic dissolved in 100 cc. water to which 200 cc. of concentrated 
HC1 is added. 

Bismuth. — Kern and Jones 7 investigated addition agents in 
bismuth electrolytes, and Harhaugh and Mathers s proposed a 
perchlorate bath consisting of 40 g. of bismuth oxide and 104 g. of 
HC10 4 per liter, with glue and cresol as addition agents. Fink 
and Gray & deposited lead-bismuth alloys from perchlorate baths. 

Cadmium. — The application of cadmium plating for rust- 
proofing has found extensive employment in metal manufacturing 
and the automobile industries. Cadmium may he plated from 
slightly acid chloride or sulphate solutions, 10 hut the deposits are 
coarsely crystalline and not usually satisfactory unless some 
addition agents be present. In commercial plating the cyanide 
bath is ordinarily preferred. Few formulae have been pub- 
lished. 11 The baths are prepared by the solution of Cd(CN) 2 or 
CdO in NaCN to which relatively large amounts of addition 
agents are added to produce brighter deposits. Among these are 
glue, casein, molasses, goulac, the latter two being more common. 
Small amounts of cadmium solutions, either as the sulphate or as 
the chloride, are added to nickel "baths as brighteners to increase 
the whiteness and brilliancy of the deposit. It is stated that 
small amounts of nickel are beneficial in cadmium baths. Anodes 
are of pure metallic cadmium, although both cadmium and steel 
are employed, the relative areas of which are adjusted according 
to operation conditions. Table XNIY gives operating data. 
Nickel salts in small amounts may he added as brighteners. 12 

Chromium. — The commercial application of chromium plating 
is due to Fink, 13 who converted laboratory experiments into 
commercial practice. Owing to its sudden popularity and rapid 
growth as well as the unusual properties of the metal, an exten- 
sive literature has been built up on the subject-. 14 The metal is 
deposited at low current efficiencies, lead anodes being employed 

7 Trans. Am. Elecirochem. Soc., 57, 255 (1930). 

8 Trans. Elecirochem. Soc., 64, 293 (1033). 

9 Trans. Electrochem. Soc., 62, 123 (1032). 

10 Mathers and Marbl-e, Trails . Am. Llectrcchem. Soc., 25, 297 (1914). 

11 Westbrook, Trans. Am. Electrochem. Soc., 55, 333 (1929). 

12 U.S. Patent 1,681,509. 

13 U.S. Patent 1,581,188, April 20, 1926. 

14 Patents: Univ. Afich. Eng. Research Bull. 8 (1927); literature: ibid. 
10 (1928); commercial practice: ibid . , Eng. Research Circ. 3 (1930). 
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in a bath consisting of Cr0 3 plus small amounts of sulphates. A 
typical simple bath is given as CrO s 250 g. per L, H 2 S0 4 1.25 to 
2.5 g. perl., at c.d. of 100 to 300 amp. per sq. ft. (10.8 to 32 amp. 
per dm. 2 ) and temperatures of 40 to 50°C. Many modifications 
of the bath exist, in that other sulphates such as those of 
chromium, sodium, potassium, and magnesium may be substi- 
tuted for all or part of the H 2 S0 4 . It is stated that the most 
important constituents of the bath are Cr0 3 and sulphate ion. 
The ratio between them should not be less than 100 : 1 and for 
the best throwing power should be about 200:1. 15 During 
deposition it is necessary to maintain a relatively thick film of 
hydrogen evolved at the piece being plated. In ordinary prac- 
tice the cathode current efficiency is considerably below 20 per 
cent under the optimum plating conditions. 

Chromium shows unusual resistance to oxidation and tarnish. 
The platings are very smooth and may be produced in mirror-like 
finishes. These will resist color changes due to oxidation upon 
heating in air up to 480 °C. (900°F.). When properly applied 
over a huffed metal, chromium has a bluish cast somewhat like 
that of polished platinum. Owing to the process of deposition, 
chromium is porous and therefore, when used alone, is very poor- 
protection against corrosion. Upon iron or steel, it will not 
prevent rusting; upon brass, if the zinc content he 10 per cent or 
more, it appears to accelerate weather corrosion. Many decora- 
tive platings are only 9.00002 in. (0.0005 mm.) in thickness, while 
very cheap platings produced in a minimum time may bo only 
0.000002 in. (0.00005 mm.) thick. The application of a heavier 
coating not only increases the cost of plating many fold, but 
defeats its purpose in that fine cracks and other imperfections 
develop in the coating. Resistance to corrosion is best obtained 
by plating with successive layers of copper, nickel, and chromium. 
With such coatings, chromium will so protect the underlying 
deposits that the resistance to corrosion as measured with a salt 
spray will be about three times that obtained without this thin 
layer (0.00002 in.) of chromium. For best results the combined 
thickness of the- plate should not be less than 0.0006 in. (0.0015 
mm.). Uickel is used as the intermediate coating between copper- 
plate and chromium not only because of its ability to take a higher 

16 Blum and Hogaboom, “Principles of Klectroplating and Kleetro- 
forming,” p. 307, McGraw-Hill Book Company, Inc., New York, 1030. 
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luster than copper, but because it is not etched by the chromic 
acid bath. Should the relative costs of the two metals in the 
future warrant it, the thickness of the copper deposit may be 
increased at the expense of the nickel. 

The smoothness and the extreme hardness of chromium make 
it suited to uses where resistance to wear is essential, such as in 
printing plates, wrist pins, steering knuckles, tube-drawing dies, 
and forming dies. For the lighter duty, as in printing plates, 
coatings up to 0.0005 in. in thickness, requiring to 1 hr. in 
time, are sufficient, but for the heavier duties about 0.005 in. 
platings are necessary. 

Cobalt. — -Although laboratory investigations of cobalt plating 
appeared to show promise, in that very high c.d. were possible 
and fine deposits were secured, very little commercial cobalt 
plating is done. Two typical formulae are given by Kalmus and 
his associates : 16 the double-salt bath of CoS 04 -(NH 4 ) 2 S 04 * 6 H 2 0 
175 g. per L; or the sulphate-chloride bath containing CoS0 4 * 
731 2 0 504 g. perl., NaCl 17 g. per L, H 3 BO s 45g. perl. Cathode 
c.d. of 30 to 165 amp. per sq. ft. (3.2 to 17.8 amp. per dm. 2 ) are 
employed at temperatures of 20 to 30 °C. 

Copper, — The two principal baths in commercial use are the 
acid sulphate and the alkaline cyanide solutions. The former, 
while simple and easily operated, cannot be applied for direct 
deposition of copper on surfaces of metals which would displace 
copper from solution, so that the cyanide copper bath finds 
extensive application in plating iron. Copper deposits often 
serve as a base for ornapaental finishes and for subsequent plating 
with other metals. The acid copper bath consists of CuS0 4 , 
usually as blucstone (CuS0 4 -5H 2 0), and H 2 S0 4 . The concen- 
tration of the two constituents may vary within wide limits, the 
CuSO 4-53320 generally held between 150 and 240 g. per 1. The 
cyanide copper bath is essentially a solution of sodium cupro- 
cyanide, the formula of which is probably 2 NaCN-CuCN" or 
Na 2 Cu(CN) 3 - Instead of being made directly from cyanides, 
the bath may be prepared from basic cupric carbonate and NaCN 
with NazCCh- For the production of thick deposits of copper on 
metals such as iron, it is usual to put oil an initial coating of 

1S Kalmus., Harper, and Saveli,, Electroplating with Cobalt, Can . 
Dept. Mines, Mines Branch, Ann. Report 334 (1915); Trans. Am. Elcctro- 
chem. Sac., 27, 1-43 (1915). 
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copper from a cyanide bath, followed by deposition of the major 
part of the coating in an acid sulphate solution. 

The copper cyanide-sodium potassium tartrate (KNaC 4 H 40 6 * 
4H 2 0, Rochelle salts) have found commercial application. The 
copper-plating baths are tabulated in Tables XXIV and XXV. 
In general the sulphate baths are used for electrotyping, electro- 
forming, and for immersion copper coating, whereas the cyanide 
electrolytes find application for ornamental finishes and under- 
coats for other metals. 

Gold. — Gold is commonly plated from cyanide baths in which 
the gold is present as KAu(CN) 2 , with rolled gold anodes. The 
solutions in use vary greatly in concentration, depending upon 
the thickness of the desired deposit and its color. Baths usually 
have a low content of free cyanide, the potassium salt being 
preferred. Small amounts of sodium phosphate increase the 
conductivity of the bath and may through complex formation 
lower the metal ion content. A typical formula would show 
metal gold (as cyanide) 2.1 g. per 1., KCN 15 g. per 1., Tv^HPCV 
12H 2 0 4 g. per 1., while another bath contains metal gold (as 
cyanide) 4.2 g. per 1., KCN 15 g. per L, operated at a cathode c.d. 
of 1 to 5 amp. per sq. ft. (0.1 to 0.5 amp. per dm. 2 ) at relatively 
high temperatures of 60 to 80°C. The higher c.d. is used for 
more concentrated solutions or at the higher temperatures. 
Under good operating conditions the cathode current efficiency 
is nearly 100 per cent. To avoid building up the gold content of 
the solution during use, carbon or platinum anodes may displace 
part of the gold anodes. 

Gold deposits of 14 carat shades are produced from solutions 
to which copper salts are added; green gold by the addition of 
AgCN ; red gold by the addition of CuCN or Cu(C 2 H 30 2 ) 2 ; white 
gold by the addition of double nickel cyanide to a gold bath. 
In all these cases there is a simultaneous deposition of two metals 
and a resultant alloy formation. 

Indium. — Westbrook 17 indicated that 200 g. of ln 2 0 3 dissolved 
in a solution containing 120 cc. of 96 per cent H 2 S0 4 and 250 g. 
of NasCeHoCbTlIUO per liter, with platinum anodes, at 18.6 
amp. per sq. ft., gives a satisfactory indium deposit. Gray 18 
studied the effect of addition agents and showed that, when 

17 Trans. Am. Electrochem. Soc., 57 , 289 ( 1930 ). 

18 Trans. Electrochem. Soc 66 , 38-1 
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indium is deposited with gold and a little silver and heat treated 
at 1500°F., a sky-blue colored gold is produced. Murray 19 pro- 
posed a bath of 37.5 g. of indium potassium cyanide, 67.5 g. of 
free KCN, and 18 g. of sucrose per liter. 

Iron, — Iron is often plated as a thin coating on the surface of 
printing blocks or engraving dies ; but in recent years it has been 
displaced to a considerable extent for this purpose by nickel or 
chromium. It is still used for producing a relatively hard surface 
on copper etching plates. An important industrial application 
of iron deposition is the building up of worn or undersized parts 
of machinery, where relatively thick deposits are required. 
Typical chloride baths are given in Table XXVI and sulphate 
baths in Table XXY. The baths have the disadvantage that 
there is a tendency of the ferrous salts to oxidize to ferric, 
especially when the solutions are nearly neutral, so that frequent 
regulation is required. 

Lead. — Lead is plated to a small extent for certain military 
purposes and in connection with chemical apparatus and other 
minor uses. Suitable dense deposits can be produced only from 
the fluosilicate, fluoborate, and perchlorate baths. The first is a 
modification of the electrolyte used in the Betts lead-refining 
process. A typical fluoborate bath is given as Pb( 0 H) 2 -PbC 03 
dissolved in a fluoboric acid made from 50 per cent HF and 
H 3 BO 3 , with glue as addition agent. Operating details are given 
in Table XX' YI. Mathers 20 recommends a perchlorate bath con- 
taining 5 to 6 per cent lead, 2 to 5 per cent HCIO 4 , and 0.05 per 
cent of peptone or clove oil, operated at a c.d. of 20 to 30 amp. 
per sq. ft. (2 to 3.2 amp. per dm. 2 ) at 20 to 30°C. It appears 
necessary to have heavier deposits of lead than are usual for 
nickel, zinc, and other metals, before impervious coatings are 
secured. 

Nickel. — A large number of formulae have been developed for 
nickel plating. Until recent years all of them were of the same 
general type, i.e., nearly neutral or slightly acid solutions in 
which the nickel is present principally as a simple salt, usually 
the sulphate. A number of variations exist in the bath formulae 
when platings are to be made on zinc, zinc base and aluminum 
base die castings, and nonferrous metals. Typical single and 

19 Ind. Eiig. Chem ., News Ed., 11 , 300 ( 1933 ). 

20 Trans. Am. Electrochem. Soc., 23 , 159 ( 1913 ). 
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double-salt baths are given in T able XXY. In commercial work 
considerable emphasis is placed on the proper acidity in the bath 
and the maintenance of this acidity. 

Deposits of nickel thicker than the usual 0.0002-in. plate are 
costly when the standard pH of 5.3 and above is employed. It 
has been shown 21 that nickel baths may be operated with pH’s 
below 3, at which point much higher c.d. are possible and good 
heavy deposits obtained. In the low pH bath the nickel content 
is kept constant by a uniform anode dissolution. Ho peeling or 
cracking at the edges is apparent. The bath remains clear. 
With the low pH bath, however, there is a greater tendency 
toward pitting. Cathode efficiencies are approximately 75 per 
cent as compared with 95 per cent with the standard pH. Lower 
bath temperatures are recommended for the low pH bath. Zine 
base die castings are more difficult to plate with the low pH solu- 
tions. In the operation of the ordinary high pH bath, platers 
worry about satisfactory anode corrosion. With low pH there 
is rapid corrosion of the anodes with a tendency to accumulate 
too much nickel in solution. This factor, however, is converted 
into an advantage by replacement of a portion, of the nickel 
anodes by lead anodes which decrease the tendency for pitting 
of the cathode deposits. Low pH baths do not necessitate as 
careful control as those of high pH. 

The operation of nickel solutions is complicated by the behavior 
of the anodes, in that pure nickel shows a tendency toward 
passivity. To overcome passivity and to aid in the solution of 
the anode, appreciable amounts of carbon and iron were formerly 
added during the casting of the anodes, so that anodes containing 
only 88 to 92 per cent nickel and 3 to 8 per cent iron were most 
frequently used. It has been shown that small amounts of 
sulphur in high-purity anodes depolarize them and eliminate 
passivity, so that the anodes now used contain at least 99 per cent 
nickel (plus cobalt) and not more than 0.35 iron, 0.10 copper, and 
0.05 sulphur. To avoid the difficulties of irregular corrosion of 
the anodes, they are given a preliminary electrolysis as anode 
in a 5 per cent HC1 solution by the manufacturers. After this 
treatment the anode corrosion is generally uniform. It is aided 
by the addition of chlorides to plating baths. 


21 Phillips, Trans. Am. Electrochem. Soc., 58 , 387 ( 1930 ). 
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For the eleetrodeposition of “bright” nickel having a grain 
size of less than 0.0001 mm., Schlotter 22 proposed an electrolyte 
having a pH between 2.5 and 4.5 and containing a polysulphonate 
such as nickel benzene disnlphonate or the naphthalene tri- 
sulphonate with nickel sulphate or chloride and boric acid. 
Stocker 25 reviewed bright nickel plating. Exacting attention 
must be paid to freedom from contamination and metals other 
than nickel. 

Lustrous deposits of nickel-cobalt alloys, according to Weis- 
berg 24 , are obtained from a bath containing 240 g. XiS0 4 , 45 g. 
XiCl 2 , 35 g. HaCHCh, 30 g. boric acid, 15 g. cobalt sulphate, 
2.5 g. (NH^SCL, 1 g. formaldehyde, at a pH of 3.7, c.d. of 40 
amp. per sq. ft., and a temperature of 60°C. 

Wesley 25 showed that thick electrodeposits of nickel have a 
wide field of application in salvaging worn or mismachined parts 
and in the manufacture of bimetals. 

Palladium. — Palladium may be plated from the same type of 
baths as given for platinum by the substitution of a palladium 
salt for the corresponding platinum salt. Good deposits are 
obtained only at 1.2 to 1.5 volts, which is below the gas evolution 
point. 

Platinum. — Small amounts of platinum are plated from a 
phosphate or a diamino nitrite bath 26 following typical formulae 
given in Table XXVII, with platinum or carbon anodes, both of 
which are insoluble. Difficulty is encountered in securing thick 
impervious deposits, whereas thin ones are not protective against 
corrosive attack, owing to the fact that they show fine cracks, 
probably caused by the contraction of the platinum during 
deposition. The rate of deposition is low in the phosphate bath, 
being of the order of 8 mg. per amp .-min. The metal contents 
of the bath are maintained by the addition of platinum salts. 

Rhenium. — Fink and Deren 27 state that rhenium may bo 
plated from perrhenates or perrhenic acid with H 2 S0 4 to give 
bright, hard deposits of the metal which is quite resistant to 

H 2 S0 4 . 

22 U.S. Patent 1,972,693 (1934). 

23 Monthly Rev. Am. Electroplaters Soc., February, 1939. 

24 Trans. Electrochem. Soc ., 73, 435 (1938). 

25 Monthly Rev. Am. Electroplaters Soc. , 25, 5S1 (1938). 

26 Keitel and Zschiegn'ER, IJ.S. Patents 1,779,457 ; and 1,779,436. 

27 Trans. Electrochem. Soc., 66, 471 (1934). 
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Rhodium. — Rhodium chloride or sulphate electrolytes do not 
yield satisfactory plating solutions. Electrolytes are made up 
from acid phosphate rhodium salts in concentrated form. Two 
electrolytes find commercial application, each containing 2 g. of 
metallic rhodium : in the first, 35 g. H 2 SO 4 per liter; and in the 
second, 10 to 40 cc. 85 per cent H 3 PO 4 per liter. Insoluble anodes 
of platinum are used, the rhodium solution being added to replace 
metal which is deposited. The average platings are only light 
flashes which are very thin, having thicknesses of the order of 
0.000005 (1 mg. rhodium per sq. in.), and are generally deposited 
on a nickel undercoat. 

Silver. — Silver plating is always done from cyanide solutions, 
in that deposition from simple salts results in very coarse crystal- 
line deposits and the metallic surfaces which are being plated 
would tend to precipitate the silver from its simple salts. The 
solution is a double cyanide, either KAg(CN) 2 or NaAg(CN) 2 , 
the former being preferred in that potassium compounds show 
greater conductivity and that carbonates formed in the solution 
are more soluble than the corresponding sodium salts. A typical 
formula for white deposits is AgCN 35 g. per 1., KCN 37 g. per L, 
K 2 CO 3 38 g. per L; and for bright deposits AgCN 36 g. per L, 
KCN 52 g. per L, K 2 C0 3 38 g. perl., to which very smail amounts 
of CS 2 are added as a brightener. Anodes are rolled silver 
999 fine. When the bath contains sufficient free cyanide, these 
dissolve readily with very little anode polarization. Cathode 
c.d. are low, being 3 to 8 amp. per sq. ft. (0.3 to 0.8 amp. per dm. 2 ) 
at 15 to 25°C., voltages of 1 to 2 usually being sufficient. Cathode 
current efficiency in silver deposition is usually very close to 
100 per cent. 

Tin. — Tin plating finds application as a covering for copper 
and steel in cooking kettles for food products, refrigerator coils 
in machines of the electric type, and a number of cases where 
decorative coverings are desired. It is not widely used, however, 
because of the ease with which tin can be applied by hot dipping. 
It is probable that in all cases tin is deposited from the stannous- 
ion condition. If stannic salts be employed with tin anodes, 
reduction is almost complete to the stannous form. A typical 
alkaline stannite bath is SnCl 2 -2H 2 0 30 g. per 1., dissolved in 
NaOH 75 g. per 1. with glucose 60 g. per 1. as addition agent. 
The bath is operated at a cathode c.d. of about 10 amp. persq. ft. 
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(1 amp. per dm. 2 ) at 50°C. The stannous chloride first reacts 
with the NaOH with the formation of Sn(OH) 2 , which in turn 
reacts with more NaOH to form Na 2 Sn0 2 . A typical stannate 
bath is Na 2 Sn0 3 180 g. per L, SnCl 2 *2H 2 0 2 g. per 1., with 0.2 g. 
per 1. of rosin dissolved in NaOH as addition agent. A modified 
bath, 28 largely used for plating refrigerator coils, is given in 
Table XXVI, based on sodium stannate and an oxidizing agent 
such as H 2 O 2 or sodium perborate to maintain the tin in the 
stannic form and sodium acetate as a buffer. Pure tin anodes are 
used. 

Tungsten. — Fink and Jones 20 plated tungsten from a bath con- 
taining 60 g. NaOH, 38 g. sodium tungstate, and 60 g. dextrose 
per liter. Yntema 30 deposited tungsten from a citric acid hath, 
and Holt and Kahlenberg 31 from an alkaline phosphate solution. 
Holt maintained 32 that iron is present 'with tungsten in the 
cathode deposit. 

Zinc. — For protection against rust, large tonnages of steel are 
coated with zinc by galvanizing, in which the cleaned article is 
coated by immersion in a bath of molten zinc. In other cases, 
as in sherardizing, the object is heated with zinc dust which 
sinters on the surface. In electrogalvanizing, the zinc coating is 
plated. .Zinc can be* deposited from its sulphate, chloride, 
acetate, double cyanide, and alkaline zineates, all of which are 
soluble. The principal baths are the acid sulphate and the 
alkaline cyanide solutions. The latter show better throwing 
power and are most useful for parts with deep recesses. Purity 
of the coating is an important consideration in that even small 
amounts of foreign metals reduce its protective value. Sulphate 
solutions show less tendency for metallic impurities from the 
anodes to be deposited at the cathode than do cyanides. Empha- 
sis should thus be placed on the advantage of pure anodes. A 
typical sulphate formula is given in Table XXY with which 
licorice is used as an addition agent for the production of brighter 
deposits; a typical chloride bath is given in Table XX VI and a 
cyanide bath in Table XXIV. Electrolytic zinc or zinc-mercury 33 

28 U.S. Patents 1,841,978; and 1,919,000. 

29 Trans. Electrochem. Soc., 59,461 (1931). 

30 J. Am. Ckem . Soc., 54, 3775 (1932). 

31 Metal Irtd . (New York), 31, 94 (1933). 

32 Trans. Electrochem. Soc., 66,453 (1934). 

38 TJ.S. Patents 1,435,875; 1,451,543; and 1 ,497,265. 
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or zinc-aluminum-mercury 34 anodes are used. These special 
anodes show improved anode corrosion and decreased solution 
attack, particularly at the water line. Pure zinc electrodes are 
needed for “bright” zinc plating. In general, the cyanide solu- 
tions produce either dull or bright deposits with good throwing 
power, and the acid solutions give smooth white deposits having 
poor throwing power. 


Table XXIV. — Cyanide Baths 
(Grams per Liter) 


Rochelle 

Cu 


CuCN 

22.5 

26 

Zn(CN) 2 



NaCN total. 

34 

35 

NaCN free. . 


5. 5 

CdO 

NaOH 

Rochelle Salts 

0.2 

30 

NaaCOa 

15 

30 

Addition agent. 

Temperature, °C 

25-40| 

60-70 

pH 


12. S 

C.d., amp. per sq. ft. 

3-1 5| 

20-60 

Voltage 

1 .5-2 

2-3 

Anodes 

Cu 

Cu 

Anode area. 


2x 

Anode efficiency, per cent 


cathode 

50-70 

Cathode efficiency, per cent 


40-70 



Bronze 

Bright| 

Zn 

Cd 

27 

30 



9 

2.3 

60 


54: 

37 

42 

90 

17 

0.4 


7.5-30 




30 


53 

70 



15 



30 



X 

25-40 

25-40 40-50 

24-3()| 

25-40 

3-5 

2-4 8-20 

5-50 

10-50 

2-3 

2-3 



80 Cu, 20 

92 Cu, £ Zn 

Zn 

Cd and 

Zn. 

Zn. 


steel 


75-00 


Alloy Plating. — It is well known that under certain conditions 
it is possible to deposit two metals simultaneously from a solution 
containing both, under which conditions the deposition potentials 
of the metals are fairly close. The only alloy commercially 
deposited on an industrially important scale is brass, a typical 
bath for which is CuCN 27 g. per L, Zn(CX) 2 9 g. per 1., NaCN 
54 g. per L, ]NFa 2 C 03 30 g. per L, operated with brass anodes of 
67 to 80 per cent copper at cathode e.d. of 2 to 3 amp. per sq. ft. 
(0.2 to 0.3 amp. per dm. 2 ) at 32 to 45°C. Copper-tin alloys or 
bronzes find little commercial application, in most cases so-called 

34 Graham, 'Trans. Electrochem. Sec., 67, 269 (1955); IJ.S. Patents 1,888,- 
202; 1,887,84:1 ; and 2,064,507. 
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Table XXLVI. — Chloride and Other Baths 
(Grains per Liter) 



Pe 

An 

Or 

Sn 

Zrx 

Pb 

FeCl 2 -4H: 2 0 

300 






CaCla 

150 






HC 1 , free 

55 

82 





An Cl 3 

50 





ZnCl 2 . . 




136 


NaCl 





234 


AICI 3 - 6 H 2 O 





20 


Cr0 3 



250 



H 3 SO 4 



1-2 








120 



NaOH . 




10 



NaC 2 H 3 0 2 




15 



H 2 O 2 (100 volumes) 




0. 5 



Pb( 0 H) 2 PbC 0 3 






150 

HP (50 per cent) . 






240 

H 3 BO 3 . . .... 






105 

Addition agent 






X 

Temperature, deg. C 

pH 

C-d., amp. /sq. ft 

Voltage. .... 

90-110 

1 .8 

60-100 

25 

5 

2-3 

40-50 

100-300 

6-60 

4-6 

20-30 

40-100 

20-30 

5-20 

Anodes 

Pure Fe 

24K Au 

Pb 

Sn 

Za 

Pb 

Anode c.d 

5-25 

Remarks 

Anode 






bags 







£t bronze platings” being produced, in. brass-plating solutions of 
high copper content. 

The normal deposition potentials for copper and zinc are very 
far apart, being -{-0.34 and — 0.076, respectively, in sulphate 
electrolytes. Brass plating is rendered possible by the fae t that 
in forming double cyanides the potential of copper is reduced 
more rapidly than that of zinc, and finally the two become equal. 
The potential of copper may be made lower than that of zinc by a 
still further addition of cyanide, so that a solution can ho pro- 
duced in which copper will precipitate zinc by immersion. 

Lead and tin have nearly equal potentials in fluoborate solu- 
tions, and lead-tin alloys are deposited from such baths with 
cathode current efficiencies over a wide range of conditions of 
nearly 100 per cent. 
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Tabue XXVII. — Precious Metals 
(Grams per liter) 



Ag 

A 11 

Pt 

Rh 

i M 

1 

AgCM, troy ounces per gal .... 

2. 5-4. 3 







H2Pt 2 Cl6*6E 2 0 



4 









10 




KAuCJT , oz 




0. 5-1.0 






KCN, free 

4-7 







KCN, total 

5. 2-9.1 

0.5-1. 5 













10 






10-40 cc. 



K 2 CO a 

5-15 







CNHOsBCPOi 



20 





NaaHPOi 


2 

100 





NHWSTOa 




IOO 



IOO 

NaNOa. 




10 



10 

2 SH 4 OH, cc 




50 



50 

H 2 SO 4 






35 


Kh (calcs . as metal) 





2 

2 


Temperature 

72-78°F. 

140-1 60°F. 

70— 90°C. 

95°C. 

U0-120°F. 

110-120°F. 


pH.. 



7-f- 

2-2.5 




C.d., amp./sq. ft. 

5-15 


9.3 

50-120 

10-80 

10-80 


"Voltage 

1-2 

2-4 

3-4 

4.5 

2.5-5 

2.5-5 

1.2-1. 5 

Anodes 

Ag 

Au or C or 

Pt or C 

Pt or 

Pt 

Pt 




stainless 


C 






steel 







1 Platinum diammino nitrite, 61 per cent Pt. 

2 Palladium diammino nitrite. 


Allays of lead-thallium containing 20 to 65 per cent thallium 
are among the most insoluble alloys known. Pink and Conrad 35 
found that good, smooth, adherent deposits of an alloy containing 
approximately 70 per cent lead were obtained from a perchlorate 
hath of the two metals (30 g. per 1. thallium, 5 g. per 1. lead) 
at a c.d. of about 5 amp. per sq. ft. (0.5 amp. per dm. 2 ) and a 
temperature of 25°C. 

Fink and Lah 36 obtained silver white deposits within the wide 
range of 55 to 75 per cent nickel and 45 to 25 per cent cobalt 
and the codeposition of these metals from a sulphate-chloride 
hath. Cobalt dissolves anodically more readily than nickel in 
the sulphate-chloride bath and also deposits cathoclically more 
readily than nickel. Increasing the total metal concentration of 
the bath increases the cobalt content of the plate. An increase 
in the temperature of the bath, a decrease in the acidity, or an 

35 Trans. Am. Electrochern. Soc., 58, 457 (1930). 

36 Trans. Am. Electrochem. Soc., 58, 373 (1930). 
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increase of the cathode c.d. likewise increases the cobalt content 
of the plate. The white alloy plate is more than three times as 
hard as nickel and decidedly more resistant to corrosion than 
nickel. 

Nickel-copper alloys may be plated from baths containing 
mixtures of their cyanide complexes . 37 Studies of the deposits 
show that the percentage of copper in the plate is always greater 
than that of the hath, the difference becoming progressively 
greater as the copper content of the bath increases; the ratio of 
copper to nickel on the plate increases linearly with the tempera- 
ture; and low c.d. favor the deposition of high-copper alloys. 
Increase in free cyanide content was found to decrease the rate 
of deposition. 

A number of special alloys are plated, some to a considerable 
commercial extent and others in only a very limited amount. 
Important among these are the nickel-iron alloys from sulphate 
electrolytes, particularly the valuable electrical Permalloy. 
Certain of the precious metals are alloy plated for reflectors. 

The alkali and the alkaline earth metals cannot be plated from 
aqueous electrolytes. The same holds true of magnesium and 
aluminum. The latter has been experimentally electroplated 38 
from suitable organic complexes in ether solutions, complexes 
being of the Grignard type such as ethyl aluminum iodide. 
Recently platings of other metals on aluminum and procedures 
for these operations have been developed satisfactorily . 39 The 
platings are made on a roughened surface of aluminum and its 
alloys. Modifications of the general method of plating and 
surface preparation must be used when alloys of different com- 
positions are plated. 

Electrodeposition studies of a number of binary and ternary 
alloys are found in the literature, particularly cadmium-zinc , 40 
thallium-zinc , 41 nickel-cobalt , 42 silver-cadmium , 43 iron-eopper- 

37 Stout, Burch, and Langsdort, Tra,7is. Am. Electrochem. Soc., 57, 
113 (1930): Hineline and Cooley, ibid., 48, 61 (1925). 

38 Keyes and Swann, Studies in the Elect rodeposition of Metals, l r uiv. 
Illinois , Eng. Expt . Sta. Bull . 206 (1930). 

30 Work, Trans. Am. Electrochem. Soc., 53, 361 (1928). 

40 Ei nk and Young, Trans. Electrochem. Soc., 67, 31 1 (1935). 

41 Parks and LeBaron, Trans. Electrochem. Soc., 69, 599 (1936). 

42 Young and Egerman, Trans. Electrochem. Soc., 72, 447 (1937). 

43 Paust et al., Trans. Electrochem. Soc., 72, 479 (1937). 
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nickel , 44 cadmium-zinc-antimony, 4S cadmium-zinc-tin , 46 copper- 
nickel-zinc . 47 

Anodic Oxidation.- — Protective adherent oxide films can "be 
produced anodic ally on aluminum and its alloys for protection 
against corrosion, for electrical insulation, for decorative effects, 
and for other uses. These can be dyed, painted, oiled, or other- 
wise treated. A number of different methods have been devised. 

Whenever aluminum is made anode in a suitable electrolyte, 
an oxide dim is produced on the metal. The properties of the 
oxide films are affected by many factors. Among these are the 
composition of the metal or alloy undergoing treatment, the 
constituents and their proportion in the electrolyte, as well as 
the temperature of the bath, and the electrical factors such as 
current and applied voltage. The color of the coating, its rate of 
formation, and its resistance to corrosion may be controlled by 
the composition of the metal. 

The electrolytes proposed in the patent literature have been 
many and varied. Few of these have found industrial applica- 
tion. Among those proposed may be mentioned ammonium 
hydroxide, ammonium sulphide, borates, phosphates, tartrates, 
oxalates, and the corresponding acids, chromic acid, chromates, 
H 2 SO 4 and sulphates, as well as many others. The applied voltages 
may vary f rom only a f ew volts to as high as 500 or greater. The 
colors of the coatings on aluminum metal itself may range from 
white to gray, depending upon how it was f ormed; on Al-Si alloys 
it is gray to brown, and on aluminum-copper alloys it may have a 
greenish cast. The appearance of the coating will also be a 
function of the initial surface of the aluminum, which might be all 
the way from a highly polished metal to one with a sand-blast 
finish. 

Some of the more important patents are listed below. 

Chubb, II. S. Patents 999,749; 1,068,410; and 1,068,411, proposed the use 
of sodium silicate, ammonium borate, or other electrolytes. Mershon, 
II. S. Patent 1,065,704, used borax: and boric acid for anodicaliy coating 
aluminum cooking vessels to prevent sticking of food to the inside of pots. 

44 Stout 1 and Fa.ttst, Trans. Electrochem. Soc 61, 341 (1932); 64, 271 
(1933). 

45 Stout and G-oldsteint, Trans. Electrochem. Soc., 63, 99 (1933). 

4S Stout and Across, Trans. Electrochem. Soc. } 66, 441 (1934). 

47 Favst and Moisttillon", Trans. Electrochem. Soc., 65, 361 (1934); 67, 
2S1 (1935). 
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He states that electrodes for condensers and rectifiers may be made by the 
same process. Presser, XI. S. Patent 1,117,240, insulated aluminum wire 
by anodic treatment in a bath of sodium carbonate. Abernathy, U.S. 
Patent 1,323,236, treated aluminum-coated copper wire in an aqueous 
solution of potassium permanganate and sulphuric acid. Flick, U.S. 
Patent 1,526,127, employed ammonia and ammonium sulphide as elec- 
trolyte. In. his patent he gives a number of suggested proportions, as well 
as electrical conditions such as c.d., voltage, and temperature. The 
material after anodic oxidation may be dyed by the use of acid dyes. The 
resulting compound is an aluminum salt of the dye acid, similar in nature to 
tinting pigments which are known as “lakes/* Kxijirai, U.S. Patent 1,735,- 
286, proposed oxalic acid and oxalates as well as malonic aeid. Bengough 
and Stuart, U.S. Patent 1,771,910, patented aqueous solutions of chromic 
acid free from H 2 SO 4 and sulphates for the formation of coatings which are 
highly resistant to corrosion. Methods of this type have been widely used 
in protecting metal parts on aircraft. In British Patent 223,995 (1924), 
Bengough outlined a process for anodic oxidation and dyeing of the finished 
surface. He gives anthracene or anthraquinone blue as an example for the 
formation of blue colors, and alizarin red S for the production of reds. 
Gower, in British Patent 290,901 (1928), uses an electrolyte containing 
H 2 SO 4 or substances which give rise to H 2 SO 4 at the anode . Coloring agents 
such as potassium dichromate, sodium hyposulphite, lead acetate, barium 
sulphite, and ammonium sulpbocyanide, are suggested as additions to the 
bath to color or to tone the anodic deposit. 

Of all the methods proposed, the only ones which have found 
widespread use ha,ve been those with chromic acid electrolytes or 
H2SO4 electrolytes. The former are applied for the preparation 
of coatings which are highly resistant to corrosion, while the 
latter are employed for the development of colored aluminum 
finishes. The chromic acid method is a more expensive and time- 
consuming operation. The H 2 S0 4 procedure is capable of rapid 
application in a simple manner with the usual plating equipment. 

Bengough and his coworkers recommend, a 3 per cent solution 
of chromic acid free from sulphates or H 2 S0 4 . The cleaned 
object as anode is subjected to a voltage which is gradually raised 
from 0 to about 50 volts over an hour’s time. For airplane and 
dirigible parts, the time cycle is 0 to 40 volts in the first 15 min. 
The voltage is maintained at 40 volts for 35 min. It is then 
increased to 50 volts over a period of 5 min. and maintained there 
for another 5 min. The object is removed, washed, and dried in 
the usual manner. For maximum protection against corrosion, 
the oxide coating is strengthened or reinforced by the application 
of grease in thin layers. 
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The principal application has been the treatment of strong 
aluminum-alloy sheet,. Operating data are given in Table 
XXVIII. Copper-aluminum (Cu below 5 per cent), silicon- 
aluminum, and zinc-aluminum alloys coat readily, but in higher 
copper-content alloys the CuA1 2 constituent apparently prevents 
the formation of impervious films. 

Table XXVIII. — Aluminum Anodizing 


Sulphuric acid j Chromic acid 
method method 


Anode 

Aluminum 

nr alii- 

1 Aluminum or alu- 

Cathode: 

Material 

minum alloy be- 
ing treated 

head 

minum alloy being 

1 treated 

i 

Graphite 
; Flat plates 

Shape 

Flat sheet 




Electrolyte: 

H 2 SO 4 , pgr cent 

10-70 

15 


Cr0 3 , per cent 


3 

Temperature, degrees centigrade. 
C.4., amperes per square foot. . . . 

15-20 

25 

40 

2—4 1 

Voltage 

10-15 

10-15 

0—40 (15 min.) 

40 (35 min.) 
40-50 (5 min.) 

50 (5 min.) 

60 ' 

0.00003-0.002, 
av. 0 .0007 2 

'Treatment time, minutes 

Power consumption, kilowatt- 

hours per square foot 

Film thickness , millimeters 

10-15 

0.05-0.2 
0.04 max. 

Breakdown voltage: 

0.0075-mm. film 

230 

0.035— mm. film. . 


475 






1 Sutton and Sider'v, J. Inst. Metals , 38, 241 (1927). 

2 Sutton and Wil-lstrop, J. Inst. Metals., 38, 259 (1927). 


In the H 2 S0 4 method, the electrolyte consists of dilute H 0 SO 4 
with small quantities of other chemicals to improve the proper- 
ties of the anodic coating. The process may be divided into 
three stages : cleaning, anodic oxidation, and washing and dyeing. 
After cleaning, the piece is washed in water or in the case of some 
aluminum alloys, snch as those containing copper, washed in 
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dilute HhT0 3 . It is thou hung as anode in the electrolytic cell. 
Operating data are given in Table XXVIII. 

In the electrolytic oxidation procedures, throwing power of the 
bath is not important nor are shaped cathodes required. The 
oxide film, which has an appreciable electrical resistance, first 
builds up on the portions of the anode nearest the cathode. 
There formation stops when the him resistance builds to a 
point where the electrolytic action is transferred to unoxidized 
surfaces. Eventually the whole object is covered with oxide. 

Acid concentration of the electrolyte may he varied from 10 to 
70 per cent and the time of treatment 10 to 15 minutes. By the 
selection of proper acid concentration, time of treatment, and 
voltage, it is possible to produce anodic films on aluminum and 
aluminum alloys, which films are flexible enough to withstand 
bending, pressing, deep drawing, stamping, and further fabrica- 
tion. With other acid concentrations, treatment times, and 
higher voltages, very hard oxide films may be formed on fully 
manufactured products. 

With pure aluminum, the film is almost colorless and trans- 
parent. With aluminum-silicon alloy's, there is a tendency toward 
the development of gray shades. The metal underneath the 
film gives a metallic luster reflection. 

Dyeing is usually done with aqueous solutions of organic 
dyestuffs, the dyeing being done immediately after the electro- 
lytic treatment and washing. If the film be allowed to dry, 
microscopic pores in it become filled with air, and the dye solu- 
tion does not readily penetrate. The dye baths arc* operated at 
75 to 80°C. (167 to 176°F.), and the dyeing time is 10 to 20 in in. 
The articles are then washed until they no longer give up any 
dyestuff. The dyestuffs are believed to form “lakes” wit h 1 he 
aluminum oxide and are thus precipitated in t he film. 

Metal Coloring. — Although the common methods of metal 
coloring are distinctly chemical in nature 1 , applied by nibbing, 
dipping, or dyeing methods, some electrolytic procedures have 
found industrial application. Craig and Irion 4 ” produced rapid 
patinas on copper and its alloys 10 by employing alkali carbonate 
electrolytes at o.d. of 9 to 1&5 amp. per sq. ft. with copper as 
anode to form basic carbonate coatings which were adherent and 

m Metal s* <£• Alloy*, 6,35 (10,35). 

U.fi. Patent I ,974,110. 
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protective. Stareck and Taft 50 used alkaline solutions of copper 
lactate to produce CU 2 O anodic colors in a range of shades at c.d. 
of 1.4 amp. per sq. ft. at 0.25 volt. “ Electrocolor. 51 uses copper 
anodes in a On 4- ion electrolyte to deposit OuaO in a vide range of 
colors whose shade and depth are a function of time and c.d. 
On different metals violet, blue, green, yellow, orange, and red 
may be produced. Zinc may he anodically colored 52 in phos- 
phates, ferro- or ferricyanides, permanganates, chromates, 
oxalates, and molybdates whose solutions are maintained at a 
pH of 6 to 8. 53 

Electroforming. — Electroforming may be defined as the pro- 
duction or reproduction of articles by electrodeposition. It 
includes electrotyping which has as its object the reproduction of 
printers' setup of type, engravings, and medals ; the reproduction 
of phonograph matrices; the manufacture of tubes and sheets by 
electrodeposition. In electrotyping the mold of the object to be 
reproduced is first made either in soft metals by pressure or in 
wax. In the latter case the mold is a nonconductor, hut its 
surface is made conducting by the application of a graphite 
coating. The surface may also be made conducting as the result 
of a thin deposit of copper formed by a CuS0 4 solution (over a 
previously graphited object) out of which the copper may be 
precipitated by finely divided iron, filings. The second method 
is employed because of the difficulties encountered with graphited 
surfaces where the deposition of metal from solution on this 
surface does not take place at once over all the surface but the 
deposit grows from a point where contact is made. Lead molds 
coated with graphite are sometimes employed, although it is 
much more common practice to treat lead molds with a dilute 
chromate solution to produce a film of lead chromate, which 
permits subsequent separation. After formation, the electrotype 
“ shell' 1 is removed from the mold and filled with a low melting- 
point metal, such as the lead-tin alloy type, to give the piece 
rigidity and strength. For accurate reproduction the mold 
becomes a negative of the object to be produced. The mold 
itself may be formed by electrodeposition from the original 

50 British Patent 452,464. 

51 Trademark of United Chromium, Inc.; Stareck, IT.S. Patent 2,081,121. 

52 New Jersey Zinc Co., D.R.P. 626,502, Feb. 27, 1936. 

53 New Jersey Zinc Co., D.R.P. 623,563, Dec. 28, 1935. 



216 


ELECT ROLY TICS 


master or object to be produced. This is the most accurate 
method of reproducing a metallic surface. It is possible faith- 
fully to reproduce by the electrodeposition of nickel, lines 
0.00002 in. in width as well as smaller scratches just at the limit 
of visibility -with present microscopic methods. 

The most important example of the use of electrodeposited 
negatives is in the production of phonograph records. The 
original wax or metallic record on which the sound was recorded is 
first coated with graphite upon which copper is deposited to 
form a negative master matrix. From this one or more master 
records or positives are made by electrodeposition. These are 
exactly the same as the original wax record save that they are of 
metal. They are used as positives for the production by electro- 
deposition of other metal negatives, termed “ pressing matrices ,r 
or u working masters/’ These are employed as molding dies for 
the production of phonograph records themselves which are made 
of synthetic plastics. These working masters are sometimes 
nickel-plated, hut best results are obtained by making the initial 
deposit nickel, which in turn may be chromium-plated to obtain 
a hard surface and increase their resistance to abrasion. Before 
the deposition of one metal on another, the two to be later 
separated, mechanical or chemical films are produced which 
allow this separation to be made. Greases or graphite are applied 
for the mechanical films, while chemical films may be formed by 
the use of soluble sulphides, chromates of lead and silver, and, 
particularly in the phonograph industry for separating copper 
forms, a film of silver iodide. 

Electrodeposition of iron has been applied to the preparation 
of iron powders, special iron for transformer cores and repair of 
worn machine parts, as well as printing plates and “surfacing” 
of plates for etchings. It has also been applied to the preparation 
of molds and dies particularly for rubber tires and related 
articles. 64 

Electrotyping. — In ordinary electrotyping work the electro- 
lytes used are 8 to 10 per cent H2SO4 solutions nearly saturated 
with CuS0 4 at room temperature. Current densities are rela- 
tively higher than are used in plating, being of the order of 
50 amp. per sq. ft. (5.4 amp. per dm. 2 ) in ordinary work, and 
under favorable conditions, especially with addition agents, 

hA Ind. Eng. Chern., News Ed., 17,461 ( 1939 ). 
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as much, as 200 amp. per sq. ft. (21.6 amp. per dm. 2 ) may be 
employed. 

Seamless Tubing and Other Objects. — Seamless copper tubes 
were first electrolytically produced by Elmore. 55 Cowper-Colos 
and the Societe des Cuivres de France later published details of a 
process which is a modification of Elmore’s. Seamless iron tubes 
have been introduced in sections of a few meters at the plant in 
North America as well as by Bouchayer and Viallet at Grenoble, 
France. The practice at these plants consists of depositing 
copper or iron in any desired thickness on a rotating mandrel 
which serves as cathode, then removing the tube from the 
mandrel. The mandrel surface is usually given a preliminary 
thin coating of some material to facilitate the removal of the tube, 
being freshly coated each time it is used as cathode in the cell. 
In removing the finished deposit, it is usually mechanically 
worked in order to increase the circumference of the tube slightly. 
In this respect great difficulty is encountered in producing small 
diameter tubes by this process, since they are not easily removed 
from the mandrel. In the case of the copper tubes, the electrolyte 
consisted of acid CuS0 4 solution and the anodes were of cast 
copper, while in iron deposition EeCl2*4H 2 0 electrolytes were 
employed with cast-iron anodes. The voltages and c.d. were 
low. Various mechanical modifications were employed to pro- 
duce dense and even deposits, such as burnishers held in place 
on the cathode surface by springs. 

Billiter 56 has described two electrolytic methods for the 
production of continuous tubing of iron or copper. In the first 
method metal is deposited on a short, slightly conical mandrel 
of chrome or silicon steel (to which the deposit does not adhere), 
and at regular intervals the tube is moved slightly forward over 
the mandrel, thereby exposing a short bare section of man- 
drel. During the next time interval a new deposit forms over 
this exposed section as well as over the deposit produced during 
the previous interval. In the second method a low-melting 
hollow lead mandrel is slowly passed through a plating cell. 
After formation of the tube the mandrel is melted out. 

Narrow flat copper tubing through which small supporting 
tubes pass transversely at regular intervals has been produced 

55 Electrochem. and Metall 3, 150 (1903). 

56 Trans . Am. Elect rochein. Soc 57, 131 (1930). 
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electrolytieally by deposition on a suitably perforated lead 
band which passes continuously through the solution. After 
formation of the tube the lead is subsequently melted out . 57 

Very thin sheets, particularly of copper, have been formed by 
electrodeposition oil a belt continuously moving through the 
solution, the product being taken off the belt where it passes out 



Fiu. 47. — Sectional elevation of drum equipment. 

of the deposition tank. Extremely thin gold foils have been 
made in this manner by deposition on a belt of metallic silver. 
The process has limitations in that relatively thick deposits must 
be made to overcome porosity. 

Shakespeare reported the development of continuous sheet 
copper by electrodeposition on a rotating drum cathode of lead . 58 
The cathode moves slowly at such a rate that metal of the desired 
thickness is deposited, stripped off the cathode above the solu- 

57 Met. & Chem. Eng., 12 , 67 (1914). 

58 Trans. Am. List. Mining Met . Eugrs., 15 , 441 (1933). 
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tion lines, washed, dried, and taken up. Lead anodes are spaced 
about }y<i in. from the drum, the electrolyte being acidified CuSCh 
circulating through the lead-lined concrete tank. Anode gas 
evolution provides agitation, supplemented by compressed air 
supplied through the ends of the anodes under the center of the 
drum. 

Operating details are not available, blit pilot-plant data are 
given in Table XXIX. The arrangement of the drum in the 
tank is shown in Tig. 47, showing the location of the polishing 
brush to continuously renew the cathode surface. O’Brien 60 
states that the commercial drums are 85 in. in diameter by 64 in. 
wide, allowing the production of sheet almost as wide as the 
cathode face, in weights of less than 1 oz. to more than 7 oz. per 
sq.. ft. 


Tajble XXIX. — Production - of Electrolytic Sheet Copper 

Electrolyte Acidified CuSO 4 

Means of circulation Gas ebullition at anodes, 

plus compressed air 
under center of drum 

Current density, amperes per square foot cathode. 140-190 

Voltage 2. 0-2. 8 

Ampere efficiency, per cent 95 

Kilowatt-hours per pound Cu 1.25 

Pounds Cu per kilowatt-hour 0.8 

Anodes : 

Material Lead 

Changed after ? days 365 

Anode-cathode spacing, inch 0.5 

Cathodes; 

Material. Lead 

Shape Revolving drain 

Per cent scrap 15-20 

Tank material Concrete, lead lined 


Sheet, zinc can be produced in a similar fashion from a Z 11 SO 4 
electrolyte and aluminum cathodes. 

Metal Powders. — A large number of articles arc now made by 
powder metallurgical methods whereby metal powders or mix- 
tures are compressed in dies and the molded pieces sintered. A 
large proportion of the powders for these uses are the product 
of the electrolytic refining tank where, with high c.d. and specifi- 

• r>9 Metal Inti (Now 'York'), May 1938, p. 218. 
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cally controlled electrolytes, nonadherent cathode deposits of 
more or less controlled shape and size are produced. The 
method competes economically with mechanical disintegrating 
processes and the treatment of oxide powders by reducing gases. 
The electrolytic procedure has been applied to a wide range of 
metals. In some cases brittle cathode deposits are produced 
which are later processed mechanically. 

Tossman 50 abstracted the literature on metal powder produc- 
tion. In practice, cathode c.d. are higher than those of refining, 
so that loosely adherent spongy deposits which are periodically 
removed by scraping or tapping devices or by electrolyte circula- 
tion may be produced- In the case of copper powder, acid 
electrolytes of lower metal and higher acid concentration than 
those used for refining or plating are preferred. When operated 
at high cathode c.d. and with hydrogen evolution, the finely 
divided metal crystals often have a fern-like appearance under 
the microscope. It is necessary to remove the cathode fre- 
quently, otherwise the effective area of the deposit will be 
increased to such an extent that the c.d. will be lowered and coarse 
deposits formed. 

The fineness of the powder may be varied over a considerable 
range by changes in the composition, temperature of the electro- 
lyte, and variation of the cathode c.d., as well as by the intro- 
duction of addition agents, reducing compounds, or substances 
which are cathodically reduced and anodically oxidized but are 
not plated out. It is common practice to use cathode c.d. which 
are different from those at the anode, usually higher. The 
deposited powders are thoroughly washed, dried in inert or 
reducing atmospheres, and cooled to room temperature. Copper, 
zinc, iron, cadmium, tin, antimony, and silver powders are 
produced elec trolyti cally in large quantities, 61 - while many other 
metal powders are produced by electrochemical means in smaller 
amounts. 

Jones 62 states that electrolytic copper powders are produced 
through the addition of colloidal materials, such as H 2 S0r- 

60 Metal I?id. (New Fork) SO, 321, 396, 436, 468 (1032). 

61 INFoel, Shaw, and Gebert, Am. Inst. Mining Met. Engrs. Tech. Pub . 
928; Metals Tech. 5 (]No. 4) June 1938. 

62 “ Principles of Powder Metallurgy,” Edward Arnold & Company, 
London, 1937. 
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treated glucose for example, to the electrolyte . 63 The colloid 
makes possible the production of extremely fine powders with 
the elimination of hydrogen evolution at the cathode and higher 
current efficiencies. 

63 U.S. Patent 1,799,157; British Patent 303,984; French Patents 656,777; 
511,428 (1920); 349,459 (1005). 
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ElECTROHEFINING OF METALS 

« 

la 1800 Cruikshank called attention to the fact that metallic 
copper could be precipitated from its solutions by means of the 
current of "Volta’s pile. Faraday’s fundamental laws of electroly- 
sis came in 1831, and Jacobi’s book 1 in 1835 described practical 
applications. His “galvanoplasty” was invented in 1838. 
Elkington started an electrolytic silver-plating plant in Birming- 
ham in 1840-1841. During the years 1865-1870, shortly after 
the development of the dynamo, James Elkington’s patents on 
electrolytic refining of copper were published, and the art was 
brought into being. The processes were described with such 
completeness that the specifications are still interesting reading. 

It is interesting to note that, while the invention of the dynamo 
made possible the electrolytic refining of copper, the pare copper 
thus produced opened up the great electrical industry of today 
with a steadily increasing annual consumption of copper. The 
two industries are naturally dependent upon each other and 
have had a parallel growth. The first refinery in the United 
States was built by Edward Balbach in 1883 at Newark. Under 
the leadership of the Balbachs and Thums this plant became 
noted for electrochemical pioneer work, not only in copper, hut 
in silver, gold, and nickel as well. It operated continuously 
until 1918 when the tank house was dismantled. 

COPPER 

Electrolytic refining of copper not only produces the exceed- 
ingly pure grade of copper demanded by the electrical industry, 
but it also recovers the small quantity of precious metals present 
in the original ore which could not be recovered by any other 
process. Crude copper contains precious metals such as gold, 
silver, and platinum, as well as nickel, arsenic, antimony, sele- 
nium, tellurium, and other metals as impurities. A weighted 

1 “Application de Pelectroniaguetisnie,” Potsdam, 1835. 
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average analysis of the crude copper handled by commercial 
refining plants indicates that the amount of gold is of the order 
of 375 oz. (23.4 avoirdupois pounds) per million pounds of copper, 
the silver 25,000 oz. (1,560 avoirdupois pounds) per million 
pounds of copper, the platinum 0.5 to 1 oz. per million pounds of 
copper, and a greater quantity of palladium than platinum. A 
Montana ore, for example* contains about 0.6 oz. of silver for 
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every percentage of copper present, or about 2 oz. of silver per 
ton of average ore smelted. The gold value may only be 
expressed in cents per ton of ore. So large is tlie tonnage of ore 
handled* however, that Montana is among the largest silver- 
producing states of the country. Silver and gold are recovered 
out of ores so lean in precious metals that the ores would not 
have been workable for silver and gold alone. 

During the smelting of copper and lead ores* the base metals 
act as a carrier for the precious metals which are to be found in 
the crude copper and lead. About 75 per cent of the total silver 
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production of the world is recovered as a "by-product of copper 
and lead refining. 

The raw material for refining is “blister," the product of the 
copper blast furnace; or “cement copper/ 5 the finely divided and 
granular material recovered from solution "by precipitation with 
metals like iron or detinned tin-plate scrap ; copper cakes, or scrap 
in various forms and purities. For the average refinery the 
major share of the crude copper is blister. 

As a liquid metal solidifies, the impurities, including silver and 
gold, tend to remain liquid and concentrate in that portion of 
the metal which solidifies last. Consequently there is consider- 
able segregation of the precious metals in the blister copper slabs. 
It is necessary that the samples represent the entire surface of the 
slabs. To obtain a representative sample, the “ template’ ‘ 5 
method of drilling is employed. This consists of marking the 
surface of the slab into inch squares and sampling each slab in a 
different square, so that when completed the drillings represent 
samples from each square and from both sides of the slab. The 
drillings, after thorough mixing, are ground and divided into 
three parts: one each for the seller, the buyer, and the umpire in 
case of dispute. 

The flow sheet of a copper refinery, as the result of by-products 
and recoveries, is complicated, as shown by Fig. 48, 2 but becomes 
more so when selenium and tellurium are also recovered. 

Anodes. — The blister copper comes to the refinery in the form 
of slabs about 28 by 18 by 3 in., weighing 350 lb. From the boats 
or railroad cars they are transferred to industrial cars and care- 
fully eheckweighed on duplicate scales. The slabs are then sent 
to the sampling mill where a certain percentage of them, deter- 
mined by the silver content, are drilled and sampled. The 
refineries are held strictly accountable for the various metal 
values in the blister copper. Blister slabs are melted in large 
reverberatory furnaces of 250- to 400-ton capacity. Generally 
no attempt is made to purify the copper from base metals, only 
the oxygen and sulphur being removed. Secondary copper- 
bearing materials are usually subjected to preliminary furnace 
refining. The crude copper is cast in the shape of anodes, the 
sizes varying in the different refineries. In the multiple system 
they weigh from 500 to 770 lb. They are cast with as smooth a r 

8 Ben-ard, Trans, A m - Inst. Mining Met. Engrs., 106, 373 ( 1033 ). 
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surface as possible to avoid short circuits in the electrolytic 
tanks. All multiple-system anodes are cast with lugs not only 
for suspension purposes but to carry the current, one lug resting 
directly upon the bus or triangle bar. In comparison with most 
metals which are termed “crude,” copper anodes are relatively 
pure, being 99 per cent to 99.5 copper. Typical analyses for the 
anodes refined in the major plants of the world are given in 
Table XXX. The effect of impurities on the conductivity of 
copper as given by Skowronski 3 is summarized in Fig. 49. 

Systems of Refining. — There are two systems of electrolysis 
in use today: the multiple system, sometimes called after Elking- 
ton, used in most of the refineries, and the series system, also 
known as Hayden. 

In the muLtiple system the anodes and cathodes are arranged 
in the tank in parallel, requiring a cathode starting sheet on 
which the copper will deposit and busbar connections between 
the individual anodes and cathodes. In the series system only 
the two end electrodes are connected with the circuit. The 
others, 100 to 150 in number, are placed in the tanks, acting as 
bipolar electrodes of which one side, as anode,' goes into solution, 
the other side, as cathode, receiving the pure metal deposit. 
Both systems have disadvantages as well as advantages, but, 
owing to its greater flexibility, the multiple system is more 
generally used. The series system is dependent on pure anodes, 
very carefully made. The anodes are cast by hand, or they are 
rolled. The multiple system will be described in detail. 

Current Density. — The c.d. used is the most important factor 
in copper refining. Starting at first with 3 to 5 amp. per sq. ft. 
(0.32 to 0.54 amp. per dm. 2 ) of cathode surface, it has gradually 
increased until one plant with cheap power used at one time as 
high as 40 amp. per sq. ft. (4.3 amp. per dm. 2 ). Operating data 
of the major refineries of the world in Table XXXI indicate a 
cathode c.d. range of 15 to 33 amp. per sq. ft., with most of the 
refineries operating between 15 and 18, except where power is 
quite low in cost. Figure 50 shows the approximate relationship 
between c.d. and power cost. 4 The same figure indicates the 

3 Private communication. See also. Wymant, Gen. Elec . Rev ., 37, 120 
(1934). 

4 Adeucks, u Copper Refining , >f pp. 61, 65, McGraw-Hill book Company, 
Inc., New York, 1921. 
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effect of increased c.d. on the carry-over of gold and silver from 
the anodes to the cathodes, which is stated as the percentage of 
gold and silver in the anodes lost in the cathodes. The losses of 
precious metals and their transference to the cathodes are 
affected hy the amount of silver in the anodes, which factor may 
be more important than c.d. The lower the density, the better 
the grade of cathode copper and the cheaper the power cost of 
electrolysis. To offset this, however, a plant of larger size is 
required, and a larger amount of capital is tied up, both in equip- 
ment and in metals. The required power equipment varies as 

Percent Aq and Auinanodes los+in cathodes 



Fig. 50. — C.d. versus power costs and precious metal losses in cathodes. 

the square of the density used, and the power input increases 
inversely in proportion to the density, for power — I X E and 
I = E/R. With 15 amp. per sq. ft. (1.6 amp. per dm. 6 ) 10 lb. 
copper per kilowatt-hour can be obtained in plant operation, while 
with 20 amp. persq. ft. (2.2 amp. per dm. 2 ) only T.51h. of copper 
will be produced. The current used by any refinery is the 
economic equilibrium between the cost of power and the cost of 
building plant and equipment and the interest on metal tied up. 

In Fig. 51 the relations between c.d. and cell voltage of the 
various producing plants whose operating details are tabulated in 
Table XXXI, as well as power consumption per pound of copper, 
are plotted. The figures have been taken from Table XXXI. 
With increasing c.d., cell voltage rises, and the power consumption 
per pound of copper increases. All the variables in the individual 
plants as they affect c.d. and power consumption are included, so 
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that the curves represent trends for the entire industry and are 
not so regular as those carves obtained for the specialized condi- 
tions in individual plants. Inasmuch as the kilowatt-hours per 
pound of copper is inversely related to the energy efficiency, it is 
evident that with increased c.d. the energy efficiency decreases. 

Electrolyte. — The voltage per tank will vary with the c.d. 
and will depend upon the resistivity of the solution. The 
electrolyte commonly used today is 16 to 18 per cent free H 2 SO 4 
and 3 per cent copper at 55°C. The higher the acid content, 
the lower the resistivity of the solution and the lower the solubil- 
ity of copper sulphate as well. Copper, nickel, and ferrous 
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Fig. 51. — C.d- versus voltage and power consumption in copper refining:. 

sulphates increase the resistivity of the solution. Successful 
electrolysis, however, is dependent upon a constant supply of 
copper ions at the cathode, otherwise hydrogen will be generated 
with a lowering of the efficiency. Moreover, as the copper dis- 
solves at the anode, the solution in its immediate vicinity is always 
supersaturated, and copper sulphate will crystallize on the elec- 
trode if the acid content be too high. As a result, the anode will 
cease to function as a soluble anode and will act as an insoluble 
one, raising the voltage and cutting down the copper content 
of the electrolyte. Circulation of the solution is therefore impor- 
tant to insure the presence of copper ions at the cathode. Care 
must be taken, at the same time to avoid stirring up the slimes 
containing the precious metals. A circulation of 4 gal. per min. is 
common practice at the refineries. 
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Kern and Chang 5 found that arsenic, nickel, and iron in 
CUSO4-H2SO4 electrolytes decreased conductivity. They recom- 
mended an electrolyte of 30 to 35 g. per 1. Cu and K2SO4 up to 
175 g. per h, operated at 55°C. with iron and nickel kept as low 
as possible, Fink and Philippi 6 stated that high temperature 



Fig. 52, — Multiple refining system. Electrolyte analysis, grains per liter: 
H 2 SO 4 , 185.5; Cu, 42.0; Fe, 0.5; Ni, 14.8; As, 3.S. Anode face to ca>th.ode far*e 
= 4 cm. C.d. = 17.65 amp, per sq. ft. 

and H2SO4 up to 200 g. per 1. reduce the anode and cathode 
polarization and IR drop of the electrolyte, while increase in 
C11SO4 content decreases polarization at the electrodes but 
increases the IR drop. Gelatine additions greatly increase the 
cathode polarization hut do not affect anode polarization or the 
IR drop through the electrolyte. Rouse and Aiibel 7 analyzed 

5 Trans . Am. Electrochem. Eoc., 41 , 181 ( 1022 ). 

6 Trans. Am. Electrochem. £oc. y 50 , 267 ( 1026 ). 

7 Trans. Am. Electrochem. Eoc., 62 , 189 ( 1027 ). 
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copper-refining cell voltages for both the multiple and series 
systems. The effects of temperature on the various factors are 
given in Pigs. 52 and 53. The effect of copper and glue is shown 
in Figs. 54 and 55. Skowronski, and later Rouse and Aubel, 8 
found no indication of a decrease in either the anode or cathode 



Tm. 53. — Series refining system. Electrolyte analysis, grams per liter: 
H 2 SO 4 , 185.5; Cu , 42.0 ; Ee, 0.5; Ni, 14.8; As, 3.S. Anode faoe to cathode face 
= 2 cm. Anode thickness — 0.75 cm. Area of electrodes — 40 sq. dm. Area 
of electrolyte below- electrodes = 5.5 sq. dm. C.d. * 17.C5 amp. per sq. ft. 

potential with the addition of varying amounts of nickel to the 
electrolyte. Chlorine acts as a cathode depolarizer and there- 
fore serves as both an electrical and chemical agent. Rouse 
states that chlorine acts upon the electrode surfaces, in that 
tank-house experience shows that crystal size of deposits made in 
solutions containing 0.02 g. per 1. of chlorine are larger than the 

8 Trans. Am. Electrochem . Soc 52 , 201 ( 10271 . 
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crystal size from an electrolyte containing only 0.005 g. per 1. 
For a specific electrolyte of H 2 S0 4 and CuS0 4 containing sul- 
phates of nickel, ferric and ferrous iron, arsenic, chlorides, as 
well as other materials, the addition of constituents which 
increase the resistivity also decreases polarisation up to a limited 



Coppery rams per liter in coppersufforfe additions 


Fig. <54. — Multiple refining system. Electrolyte analysis, grams per liter: 
H 2 SO 4 , 185.0; Fe, 0.5; Ni, 15.0; As, 3.8. 'Temperature of electrolyte = 57°C. 
Anode face to cathode face — 4: cm. C.d. — 17.65 amp. per sq. ft. 

point, beyond which further increases in concentration increase 
polarization. 

Glue when added to the electrolyte tends to form colloidal 
films on the electrode surfaces. At the cathode copper must be 
deposited upon the film there, which causes a large increase in 
cathode polari nation, and a reduction in crystal size. At the 
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anode the colloidal film need only be pushed away by the electro- 
chemical solution of the copper, so that only a small increase in 
anode polarisation occurs. 

Skowronski and Reinoso 6 proposed a formula for calculation 
of electrolyte resistivity as affected by copper, nickel, iron, and 
arsenic, 1 g. per 1 . of each of these elements in the form of sul- 



Fig. 55. — Multiple refining system. Electrolyte analysis, grams per liter: 
H2SO4, 185.5; Cn, 42.5; Fe, 0.5; NTi, 14. S; As, 3 .S. Temperature of electrolyte 
= 57°C. Anode face to cathode face = 4 cm. C.d. = 17.65 amp. per sq. ft- 

phates increasing the resistivity of 150 g. per 1 . H 2 SO 4 at 55 ° by 
the following percentages: 


Copper, 
Nickel . 
Iron. . . 
Arsenic 


Per Cent 
0.657 
0.766 
0.818 
0.0725 


Voltage and Power. — Tank voltages vary as a function of c.d., 
tank construction, bus systems, and plant maintenance from as 
low as 0.17 to as high as 0.46, the usual plant running between 
0.2 and 0.25. The voltage for refining is small as the result of 
the energy generated at the anode by the solution of the copper. 
For minimum voltage the anodes are spaced in the tanks as 
closely as possible. Some plants operate with a center to center 

9 Trans. Am . Electrochem. Soc. t 52,205 (1<)27). 
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spacing of 3M in*, but perhaps the greater number operate 'with 
a center to center spacing from 4 to in. Tanks are under 
continuous inspection for short circuits and bad contacts. 

Sufficient tanks are connected in series so that generators in 
the voltage range of 80 to 235 are employed, the average plant, 
perhaps, operating in the range of 100 to 150 volts. In some 
of the newer plants generators with a wide voltage range have 
been installed, so that there is a large amount of flexibility. 

Tank loads are of the order of several thousand to as high as 
15,000 amp. The amperage follows Faraday’s law, copper 
acting as a divalent metal. At 100 per cent efficiency, 1 amp. 
per hr. deposits 1.186 g. of copper, equivalent to 1 oz. of copper 
per ampere-day. In practice several hundred to as high as 
800 tanks are connected in series. Busbar loads in some plants 
where power is cheap are above 1,000-amp. per sq. in. cross 
section, but the average for the industry is probably closer to 
500-amp. per sq. in. cross section. Current efficiencies in the 
multiple system are above 90 per cent, some refineries reporting 
as high as 98 per cent, while in the series system they are of the 
order of 70 to 75 per cent. Further details are given in Table 
XXXI. 

Plant Operation. — Some typical plant practices are given in 
brief. The tanks were formerly of wood, generally long-leaf 
yellow pine, covered with sheet lead containing 4 per cent 
antimony and weighing 6 lb. per sq. ft. The modern tendency 
is to use lead-lined concrete tanks. They are connected in 
series by means of the Walker system where the anode of one 
tank rests upon a common contact or busbar with the cathode of 
the adjoining tank, thus effecting an important saving in the 
total weight of copper tied up in busbar connection. At some of 
the refineries the cathodes of one tank rest directly upon the 
anodes of the adjoining tank, having been cast with a V wedge on 
the lugs. This avoids one point of contact and materially lowers 
cell voltage. The arrangement is known as the Whitehead 
system or the Baltimore contact. 

Figure 56 shows a typical electrolytic tank room or copper 
refinery. 

The electrolyte is circulated by means of a centrifugal pump or 
a Pohle air lift. Two methods are used, one pumping directly 
in the tanks from the hot wells where the solution is heated by 
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steam to 60 o C., the other pumping to an overhead storage 
tank theia dropping by gravity to the tanks. The latter is the 
preferred method. Most refineries use an upward circulation, 
the electrolyte entering the tank at the bottom and being with- 
drawn at the top. The circulation is consequently in the opposite 
direction to the settling of the slimes, but the upward velocity 
is not great enough to reverse the normal downward travel of the 
slime particles. Some plants are equipped with downward 



Fig. 56. — Elect roljrtic copper tank room at Trail. ( Courtesy Consolidated 

Mining and Smelting Company of Canada, Ltd.) 


circulation, the solution entering the tank at the top and being 
withdrawn from the bottom by means of a siphon. 

The starting sheet which forms the cathode in the multiple 
system is made by depositing copper on a blank of rolled copper 
M in. thick in what is known as a “stripper tank/ 7 The blank 
is carefully oiled to prevent the deposited copper from sticking 
fast. The copper is readily stripped from the blank by means of 
a groove yi in. from the edge, ora wood frame around the blank. 
This starting sheet will weigh 7 to 13 lb. It is made slightly 
larger than the anode to compensate the increased current around 
the edges of the electrodes which would otherwise cause nodules 
on the edges of the cathode. 
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The schedules differ at the various refineries, depending upon 
the c.d. employed. No refinery makes the cathode as heavy as 
the anode, primarily because of difficulty of inspection and 
correction, and because of the weakness of the lugs. Most 
plants make two liftings of cathodes to one of anodes. As a rule 
the slime is cleaned from the tanks and the anodes only when the 
scrap anodes are lifted from the tanks. When, however, the 
anodes have a high silver or gold value, or when they are less pure 
than normally as the result of considerable amounts of base 
metals, slime cleaning of the anodes in the tanks occurs more 
frequently. 

The amount of scrap is 10 to 16 per cent in weight of the 
original copper. It is returned to the blister furnace and recast 
into anodes. 

The refineries employ glue as a colloidal addition agent, adding 
it to the electrolyte in small amounts daily, more being added to 
the stripper sections than to the commercial tanks. Glue 
materially improves the character of the cathode deposit. 
However, it considerably increases the cathode potential and 
must be used sparingly. Emulsified mineral oils and by-product 
sulphonates are also used. Salt is added to precipitate any 
silver, bismuth, and antimony which may be in solution. Excess 
of chlorides causes a deposition of CuCl on the cathodes which is 
lost during the melting process. Usually the electrolyte is kept 
at 0.02 to 0.03 g. per 1. of chlorine. 

Anode Impurities. — Copper anodes contain base metal impuri- 
ties sometimes alloyed with the silver as well as the copper. 
The higher the grade of anode the easier and cheaper the cost of 
refining. The usual run of anodes will contain over 99 per cent 
of copper plus silver. With lower grades of anodes the electrolyte 
quickly becomes foul, the quantity of slime formed is excessive, 
and the percentage of anode scrap high. Theoretically, with 
the low voltage of refining, the more noble or the more electro- 
positive metals than copper should drop to the bottom of the 
tank as a slime, while the more electronegative or less noble 
metals should dissolve and foul the electrolyte. However, the 
problem is complicated hy the fact that some of the impurities 
may be alloyed with copper or silver and will go in the slime as 
snch, also by the fact that some of the soluble impurities will be 
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precipitated either partially or completely by some of the 
ingredients of the electrolyte. 

In practice, the refineries have eight major impurities to take 
care of, viz.. An, Ag, Se, Te, As, Sb, Pb, and AT. Selenium 
and tellurium are combined in the anodes primarily with silver 
and will go in the slime as selenide and telluride of silver. Any 
excess of selenium and tellurium is combined with copper and 
will increase the normal copper content of the slime by the 
introduction of copper selenide and copper telluride. Lead 
dissolves at the anode and is at once precipitated completely 
as PbSO 4 . Arsenic dissolves at the anode as arsenic acid and as 
such will go into the electrolyte. Antimony will dissolve as 
H 3 Sb0 3 and react with the arsenic acid to produce a basic 
antimonous arsenate compound which forms a precipitated slime 
known as “ float ” slime. 'This slime is considerably lighter than 
the silver slime, settles with difficulty, and has a tendency to 
crust in the wells and to plug up the solution lines. Arsenic will 
therefore partly go in the slime, the percentage depending upon 
the antimony content of the anode. 

Antimony will saturate the electrolyte and will go in the slime 
either as basic arsenate, as noted above, or as a basic chloride. 
Unless an excess of nickel be present in the anodes, practically 
all the nickel will be found in the electrolyte. Traces of other 
metals are to be found in the anodes, such as Zn, Co, Pe, Bi, Sn, 
etc., but usually in such small amounts that they do not influence 
the refinery practice. Any sulphur in the anode will go into 
the slime as copper sulphide. Converter anodes — i.e., anodes 
cast direct from a converter without going through a refining 
process in reverberatory furnaces — carry an appreciable quantity 
of sulphur which may increase the copper content of the slime 
up to 40 or 50 per cent. 

Arsenic and nickel are the only metals which dissolve in the 
electrolyte in sufficient quantity to make a recovery system 
necessary. The allowable concentration of these metals in the 
electrolyte is set by their own solubility, the depletion of the 
cupric ions, and the effect on the cathode deposit produced by 
this depletion. The most important impurities are arsenic, 
antimony, and bismuth because of their bad effects on properties 
of the refined copper and the ease with which they enter solution 
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As, per cent 

Ni, per cent 

SiO’, per cent 

SGi, per cent 

Removed after ? days. 





Mode of suspension 2 small side loops Series system: deposit on Large central loop 2 small loops 

next anode 

Replaced after ? days 3 13 13.7 

Weight, lb 85-100 94-99 143-154 255 
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Removed after ? days. 
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and are cathodically precipitated. Bismuth, when present even 
to the extent of a few thousandths of a per cent, markedly 
reduces the workability of copper. Arsenic cannot be deposited 
from H2SO4 solutions without simultaneous hydrogen evolution 
even at exceedingly low c.d. The presence of small amounts of 
soluble chlorides in the electrolyte causes the formation of 
insoluble oxychlorides of antimony and bismuth which fall into 
the slime. Arsenic up to about 0.8 per cent in metallic copper 
improves the rolling properties of copper, but very small amounts 
of the metal markedly affect its conductivity. As little as 
0.0013 per cent As lowers the conductivity by 1 per cent. 



04 0.8 11 1.6 10 14 13 5.1 3.6 4j0 

Per Ceni Nickel — Arsenic m Electrolyte 


Fig. 57. — -Relation of Ni and As in electrolyte to Ni and As content of wirebars 
made from cathode copper. 

The degree of concentration of soluble impurities in the electro- 
lyte has a direct bearing upon the purity of the cathode product, 
particularly in the case of arsenic and nickel, as shown in Fig. 57. 

Purification of Electrolyte. — Withdrawals of sufficient electro- 
lyte for purification so that the amount of the chief impurities, 
nickel and arsenic, may be controlled are regularly made. The 
maximum allowable amounts of various impurities depend upon 
the operating conditions of the individual plant. Various 
methods for purification of the electrolyte are followed. The 
simplest one is that in which the copper in the electrolyte is 
cemented out by scrap iron, but it is now used only as an emer- 
gency measure dealing with a bad electrolyte. It makes a foul 
cement copper which requires retreatment, consumes iron, and 
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wastes both the free and combined acid content of the electrolyte. 
The next purification method was the manufacture of crystalline 
CuS 04*5H 2 0 or bluestone in which the electrolyte was used as a 
raw material. The process consists of a neutralization of free 
acid by means of anode copper, the concentration of the neu- 
tral liquor by boiling, followed by crystallization and cementation 
of copper out of the mother liquors by iron. 

The general method of purification of electrolyte is a cyclic one 
in which the liquors are sent to insoluble anode tanks at a rate 
just sufficient to keep the determining impurity at the desired 
point. Three tanks are operated in cascade, the first producing 
good cathode copper at about 85 per cent current efficiency, the 
second producing casting copper or bad copper which is sent to 
the anode furnaces at about 50 per cent current efficiency, and 
the third a sludge containing about half copper and half metallic 
arsenic, from which much of the latter can be eliminated by 
roasting and sublimation. The liquors, containing only small 
amounts of copper, are concentrated in evaporators to a point at 
which all the impurities, except the small amount of arsenic 
which has escaped the insoluble anode tanks and the sodium and 
potassium salts, have been precipitated as anhydrous sulphates. 
This heavy liquor with its suspended solids is then filtered. 
The bulk of the strong acid is recovered and returned to the 
electrolyte system. The salts are washed and worked up for 
nickel sulphate by crystallization. 

Metal Distribution in Operation. — The effect of impurities 
may be studied by following one tank of anodes through a 
typical tank house. 

This anode is of very high grade, the copper plus silver content 
being 99.63 per cent. Usually the furnace charges are carefully 
made up from the various blister coppers coming to the refinery, 
in order to obtain anodes of uniform silver content and impurities 
within allowable limits. 

The refined smooth-surface cathode is better than 99.98 per 
cent Cu, while rough cathodes may run only 99.95. The arsenic 
has been reduced from a figure above 0.04 per cent to less than 
0.001, and the antimony from greater than 0.03 to less than 0.001. 
Selenium and tellurium, which in the anode were greater than 
0.01, have been reduced so that the cathode contains less than 
0.0003. In the finished cathode adsorbed gases are the major 
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impurity, accounting for more than half of the 0.02 per cent 
which is not copper. 


Table XXXII. — Analysis of Blister Copper, Anodes, and Cathodes 


Analysis 

Blister 

Anode 

Cathode 

Copper 

99 .0140 per cent 
0.6910 per cent 
0.0185 per cent 
0 . 0464 per cent 
0 . 0350 per cent 
0.0039 per cent 
0.0184 per cent 
0 . 0122 per cent 
0.0140 per cent 
63.31 oz. per ton 
0.265 oz. per ton 

99 . 4220 per cent 
0. 1540 per cent 
0 . 0026 per cent 
0 . 0435 per cent 
0.0317 per cent 
0 . 0042 per cent 
0.0176 per cent 
0 . 0122 per cent 
0.0146 per cent 
62 . 44 oz. per ton 
0.265 oz. per ton 

99 . 9800 per cent 

Ox veen 

Sulphur 


Arsenic 

0.0010 per cent 
0.0010 per cent 
Nil 

Antimony 

Lead 

Selenium 

0 . 0003 per cent 
0.0002 per cent 
0.0010 per cent 
0.30 oz. per ton 

Tellurium 

Nickel 

Silver 

Gold 




Analysis of the weight distribution for a single tank of the 
anode copper and the slime shows that somewhat less than 40 per 
cent of the arsenic of the anode is recovered in the slime, all 
the antimony, all the lead, all the selenium, all the tellurium, 
practically all the silver, and all the gold, while most of the nickel 

Log of Tank House (One Tank) 

Total weight of anodes 14,065 lb. 

Weight of anode scrap 1 , 678 lb. 

Weight corroded from anodes 12, 387 lb. 

Total electrolysis, 31 days, 17 hr., 55 min. 

Weight of deposited copper 11,837 lb. 

Average amperes during run 6,700 

Current efficiency, per cent 91.3 

Slime : 

51 lb. 13 oz. 

Pounds of slime per ton of copper 


refined 8.37 

Slime Analysis: 

Copper 18.80 per cent 

Silver 51.008 percent 14, 877.73 oz. per ton 

Gold 0.2171 per cent 63.32 oz. per ton 

Arsenic 3.90 per cent 

Antimony 8.04 per cent 

Lead 1.06 per cent 

Selenium 4.37 per cent 

Tellurium 2.99 per cent 

Nickel 0.05 per cent 
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has passed into the electrolyte. The recovery of the nickel 
during the purification of the electrolyte and the handling of 
arsenic along the same lines have been discussed previously. 
The working up of the slimes will he treated under silver and 
gold refining. 

Distribution - by Weights 

Weights of metallic elements in the anode copper as compared with the 
weights recovered in the slime 


Distribution 

Anode 

copper 

Slime 

Total Weight: lb 

12,387 

51.8125 

Copper 

12,315 

9.74 

Arsenic 

5.35 

2.02 

Antimony 

3.96 

4.16 

Lead 

0.52 

0.55 

Selenium 

2.18 

2.26 

Tellurium 

1.51 

1.55 

Nickel 

Precious Metals: 

1.81 

0.03 

Silver, oz 

386.722|385.415 

Gold, oz 

1.641 

1.640 


SILVER 

The raw material from which pure silver is produced is, in the 
main, concentrates from anode slimes from copper refining, as 
well as those of other nonferrous metals such as lead, nickel, 
and zinc; silver concentrates resulting from the desilverization of 
lead by the Parkes process; and silver-gold bullion of various 
compositions including secondary metal and scrap. From 
copper-refining slimes the crude silver may run 95 per cent Ag, 
1 to 3 per cent Au, the remaining 2 per cent being Cu, Bi, Pb, Te, 
Fe, Ni, Pt, and small amounts of other metals; from the desilver- 
ization of lead the crude silver may run 98 per cent Ag, 0.5 per 
cent Au, 1.5 per cent Cu, Bi, Pb, and Zn. Such material is cast 
into anodes and refined eleetrolytically in a AgN0 3 -Cu(N0 3 ) 2 
electrolyte. Commercial practice may be best portrayed by 
describing some present-day plants. 

Treatment of Copper Anode Mud. — In the electrolytic refining 
of copper, all the precious metals originally in the anodes drop 
to the bottom of the tanks during the process of electrolysis and 
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are known as “slime” or “anode mud.” When the scrap anodes 
are lifted from the tanks after 30 days of electrolysis, the slime is 
sluiced from the bottom of the tank and pumped to the silver 
refinery. The slime will vary considerably in composition, 
depending upon the grade of blister copper refined. 

On reaching the silver refinery, the slime is allowed to settle 
in large settling tanks, the liquor being sent back to the tank 
houses and the slime filtered and washed on an Oliver filter to a 



Fig. 58 . — Dor6 furnaces. ( Courtesy Raritan Copper Works.) 


cake containing about 35 per cent of moisture. In order to 
remove the copper, the slime is given a light roast in an oil-fired J 
oven. This converts all the copper into copper oxide, which is 
readily leached with 15 per cent H 2 SO 4 in agitators, lead-lined 
iron skeleton tanks with mechanical paddles to keep the slime 
and solution agitated. The slime, after leaching, contains less 
than 1 per cent copper and, after again filtering and washing, 
is ready for -the fire treatment. This treatment consists of 
melting and refining the slime in small oil-fired reverberatory 
furnaces, called “dor 6 furnaces,” shown in Fig. 58. 
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Mosher 10 described the silver refinery of the Raritan Copper 
Works. The* flow sheet of slime treatment is given in Fig. 59. 

During the furnace refining process, the lead forms a lead 
slag which is skimmed off and sent to the lead refinery for further 
treatment. Antimony is volatilized and later recovered with the 


RAW SLIME 


with solution from electrolytic 
copper refinery 

Settling fcmks 

slime settled out, solution overflowing 

Settled Solution returned 

si ime to copper reff nery 

U Filter feed tank 

i t 

L— Filtrate Oliver filter 

Filtered and washed with wafer 


1 

Raw slime for the 
precipitation of 
silver from solution 


L 


CuS0 4 leach 

r liquor and -< 

wash water 

Precipitating 

tanks 

So.'jt or boiled 
in contact with 

copper sheets -Filtrate 


. I 

Slime cake 

. I 

Roasting furnace 
Oxidation at700deg-F 

Roasted slime 

A 

Leaching tanks 


Boiled and agitated 
with ISpercent H 2 S0 4 solution 
and washed with water 

Leached slime 

4 

Diaphragm pump 

I 

Filterfeed tank 

i — I 


_ , Filtered and washed 

Precipitate — >- with water 

Solution | 

Treated s lime 
to dore furnaces 

Fig. 59. — Flow sheet of slime treatment in silver refinery. 


flue dust. Selenium and tellurium are partly volatilized, but are 
mainly removed by the addition of alkaline fluxes, soda ash, and 
niter. The furnace treatment will take about 40 hr. for a charge 
of 15,000 lb. of wet slime, and will result in about 3,500 lb. of 
dore metal containing 98.5 per cent Ag, 1.0 per cent Au, with a 
small amount of metallic impurities. The dore silver is cast into 


Trans. Am. Inst. Mining Met. Engrs., 106, 427 (1933). 



250 


ELECTROLYTIC S 


anodes and electrolyzed for the parting of the silver from the 
gold, using both the Thum and the Moebius systems (Figs. 
60 and 61). The flow sheet for the treatment of the dore anodes 
is shown in Fig. 62. 11 

Refining Cells and Their Operation. — In the Thum system the 
electrolytic cells consist of shallow, glazed, porcelain tanks, or 




Fig. 60. — Thum cell. 

mastie-lined concrete tanks, the bottom of which,, lined with 
graphite slabs, forms the cathode. The dor6 silver anodes are 
arranged horizontally in wooden frames above the cathode. 
These frames are covered with canvas which acts as a diaphragm 
and prevents the gold slime from mixing with the cathode deposit. 



The silver is deposited in a loose crystalline form which is scraped 
from the bottom of the tank at regular intervals. A Thum cell 
plant is shown in Fig. 63. The electrolyte for both the Thum 
and Moebius system is a neutral solution of AgN0 3 and Cu(N0 3 ) 2 
containing about 60 g. per 1. of silver and 40 g. per 1. of copper. 
Clark and Heimrod 12 state that, with the high gold content of the 

11 Mosher, ibid. 

12 Trans. Electrochem. Soc. f 61, 77 (1932). 
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dore anodes met in some refineries, mechanical cleaning of the 
anodes every 12 hr. may be necessary. Operation at a c.d. of 
25 amp. per sq. ft. and with an electrolyte of 30 g. per 1. of silver, 
20 g. per 1. of copper, and 7 g. per 1. of free HNQ 3 is preferable 


DORE (SILVER -GOLD) ANODES 

Solution _ 

► storage >Se?a"a : cn cf Dire cr/Sta s vcrfrcrr. god ar.j ^ — 
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Fig. (52. — Flow sheet of electrolytic parting and refining of precious metals. 


under these conditions. In the Moebius system the anodes and 
cathodes are arranged vertically in much the same manner as in 
copper refining, the anodes being inclosed in canvas bags in order 
to retain the gold slime. The cathodes are sheets of stainless 
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steel. Mechanically operated wooden scrapers are used to knock 
off the silver crystals from the cathodes into trays which are 
periodically withdrawn and emptied. The c.d. is approximately 
40 to 60 amp. per sq. ft. of anode surface, while cathode c.d. are 
of the order of 26 to 35 amp. per sq. ft. The cathode deposit of 
silver crystals is very pure, often 999.9 fine. After washing, it is 
melted in large graphite retorts and cast into 1,000-oz. bars, 
assaying over 999 in fineness, for the market. 



Pig. 63. — Electrolytic silver refinery (Thum cells). ( Courtesy Raritan Copper 

Works.) 


Typical operating data of plants in the United States are 
given in Table XXXIII. Clark and Schloen 13 have described 
the recovery of precious metals and selenium and tellurium pro- 
duction at the Montreal East plant of the * Canadian Copper 
Refiners, Ltd. 

The gold slime resulting from the silver electrolytes contains 
all the gold, platinum, and palladium which was originally present 
in the blister copper. It is treated with H 2 S0 4 to remove the 
excess of silver present and is then melted in graphite crucibles 

13 Am. Inst. Mining Met. Engrs., Tech. Pub. 982; Metals Tech. 5 (No. 7) 
October, 1938. 
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and cast into gold anodes to be electrolyzed using the Wohlwill 
process. 

Colcord 14 has described the parting plant of the U. S. S. Lead 
Refinery, Inc., at East Chicago, Ind., where dord metal, the 
product of cyaniding silver and gold ores and of refining lead 
bullion and copper bullion, is treated. Dore metal contains 95 to 
98 per cent Ag, 1 to 5 per cent Au, the balance being mostly 
copper with small amounts of Pb, Te, Se, and Bi. Modified 
Thum cells are used with an AgN0 3 “Cu (NO 3) 2 electrolyte running 
50 to 55 g. of silver per liter and 60 to 75 g. of copper with traces 
of free HN0 3 . Horizontal graphite plates are used as cathodes, 
and the dor4 anodes are placed horizontally in a basket partly 
immersed in the electrolyte. The basket has a bottom of cotton 
duck and rests in a basket holder supported from the longitudinal 
sides of the cell. The silver is deposited in crystalline form. It 
is periodically scraped from the cathode and removed from the 
cell by aluminum shovels having perforated bottoms to allow 
the escape of the electrolyte. The crystals are washed free of 
electrolyte, allowed to drain, dried, and melted into bar silver. 
The gold and insoluble impurities are left behind in the basket. 

GOLD 

The electrolytic process employed for gold refining is due to 
Wohlwill. It was first used at the Norddeutsche Affinerie, 
Hamburg, in 1878, and since that time has found almost universal 
adoption. In connection with copper refining it is employed 
for the recovery of gold from the anode residues from the silver 
cells, from which the excess of silver has been removed by parting 
with H2SO4. The anodes contain platinum and palladium. 
The Wohlwill process, which is used for the refining of gold in all 
the United States mints, consists in electrolyzing gold anodes 
in a hot acid solution of gold chloride. The solution, which is 
kept at approximately 70°C., contains 7 to 8 per cent of gold 
and 10 per cent HC1, the density being 1.30. In order to keep 
down the interest charges on the gold tie-up, a high c.d. of 110 
amp. per sq. ft. (11.8 amp. per dm. 2 ) of cathode surface is used. 
This necessitates a thorough stirring of the electrolyte, which is 
accomplished by means of a small air lift. The cathodes consist 

14 Trans. Am. Electrochem. £oc., 49, 351 (1926). 
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of thin ribbons of rolled gold. The deposit which adheres 
firmly to the cathodes is exceedingly pure, averaging 999.75 gold 
fineness. After thorough washing, it is melted in a graphite 
crucible and cast into standard bars for shipment. 

Anode Impurities. — In copper and silver electrolysis, the more 
noble metals have been insoluble and have formed the slime. 
In gold electrolysis, however, the platinum and palladium are 
totally soluble and are allowed to accumulate in the electrolyte 
until present in sufficient quantity to recover. Chemical 
methods, following the ordinary quantitative analytical separa- 
tion of these metals, are used in the process of recovery, depending 
upon the precipitation of both metals, when in an oxidized condi- 
tion, by NH4CI to separate them from the bulk of the gold in the 
electrolyte. 

The amount of platinum and palladium recovered is small ; yet 
owing to the large tonnage 'of copper refined, the high prices of 
these metals, and the efficiency of the process, the recovery is 
commercially successful. 

Current Density and Cell Operation. — The rate of operation 
is of great importance in gold refining, owing to the high interest 
charges of the metal tied up. This is essentially the reason for 
the very high c.d. employed. 

The electrolysis tanks are of glazed porcelain or chemical 
stoneware. They are relatively small in size, since the electrolyte 
is an expensive one. The cathodes, having the same area as the 
anodes, are of thin rolled gold sheet. In copper refineries the 
anodes are fairly thin. In governmental refineries or mints 
where interest on metal tied up is not a factor, the anodes may be 
fairly thick. They are generally suspended in the bath by means 
of gold or silver hooks. 

In a typical case in a mint, the anodes may contain 94 per cent 
Au, 5 per cent Ag, and 1 per cent Cu, Pb, Pt, Pd, with traces of 
other platinum metals. Of these metals, Au, Cu, Pb, Pt, anti 
Pd dissolve anodically; silver and the other platinum metals 
(Ir, Rh, !Ru) remain chiefly in the slime, the former as AgCl. 
Copper may accumulate in the electrolyte to a considerable 
extent without the danger of cathodic deposition. Lead can be 
kept at a low concentration by the addition of H 2 S0 4 . Generally 
the time of regeneration of the solution is set by the accumulation 
of the platinum and palladium. In their pure state platinum 



ELECTROREFINING OF METALS 


257 


and palladium, as a result of passivity, act almost like insoluble 
anodes in chloride solutions. They dissolve readily, however, 
when alloyed with gold. At periodic intervals, due to the 
accumulation of impurities, part of the electrolyte is drawn off 
for purification and replaced by a strong AuC 1 3 solution. 

A high c.d. is necessary to consume the anodes rapidly and 
hurry the gold through the process. It is desirable, however, 
that the electrolyte contain a minimum of the expensive gold 
salt. A balance must be struck between these factors, in that a 
high c.d. requires a high gold electrolyte to allow the production 
of a coherent cathode deposit. Increase of temperature gives 
improved deposits for any given c.d., although high temperatures 
tend to increase the amount of gold in the slimes and cause the 
loss of HC1 by volatilization. 

Electrolyte Purification. — The electrolyte withdrawn for puri- 
fication may be freed of gold by the use of S0 2 or FeS0 4 and the 
platinum precipitated by NH 4 C1 as (NH 4 ) 2 PtCl 6 . Palladium 
may be extracted with ammonia after evaporation to dryness, 
and copper may be removed by scrap iron. The platinum 
recovered during the treatment of gold bullion from various 
sources may amount to 0.07 per cent and palladium to 0.001 per 
cent of the weight of bullion refined. The slimes contain gold 
(up to about 15 per cent of that cathodically precipitated), 
AgCl, PbS0 4 , and the rarer platinum metals. The PbS0 4 is 
removed by treatment with Na 2 C0 3 solution, followed by HN0 3 . 
The AgCl is fused and poured off, while the residues are generally 
recast into fresh anodes. The AgCl is reduced to the metal, 
which is then returned to the silver refinery. 

In general the platinum and palladium are recovered from the 
electrolyte when they reach a combined concentration of 50 g. 
per 1. The solution containing these metals is treated with 
NH 4 C1 and HNOg, which precipitates them as (NH 4 ) 2 PtCb and 
(NH 4 ) 2 PdCl 6 . These compounds are filtered, dried, and reduced 
to metal. They are parted by dissolving the metal in aqua 
regia, boiling with HC1 to drive off excess HNQ 3 and reduce the 
palladium, and adding NH 4 C1. This precipitates the platinum 
as (NH 4 ) 2 PtCl 6 and leaves the reduced palladium in solution. 
After filtering off the platinum salt, HN() 3 is added to the solu- 
tion, oxidizing and precipitating the palladium salt. Each is 
then reduced to sponge metal and mai'keted. 
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Typical operating data for gold-refining plants are given in 
Table XXXIV. 

Superimposed Alternating -current Process. — For the treat- 
ment of anodes of high silver content, Wohlwill modified his 
process by using a pulsating current in which an a.c. of low 
frequency and greater c.d. is superimposed on the electrolytic 
d.c. The quantities of gold dissolved and deposited are functions 
only of the d.c., but the use of the a.c. allows the employment of 
higher c.d. and permits the electrolysis of anodes comparatively 
high in silver by causing the adherent film of AgCl to flake off 
rapidly. There is also a reduction of the amount of gold entering 
the slime. The a.c. opposes passivity which would otherwise 
set in in a high silver content anode as the insulating AgCl layer 
formed over the gold anode, lessening the active area and increas- 
ing the effective c.d. In operation, anodes run 80 to 90 per cent 
gold, greater than 6 per cent silver, and the balance platinum, 
palladium, and the rare metals, the d.c. c.d. are of the order of 
120 to 160 amp. per sq. ft., and the superimposed a.c. 120 to 
250 amp. per sq. ft. The anode mud consists of 1 per cent Au, 
95 per cent AgCl, with PbSCU and a trace of the base metals 
and the rare metals. The d.c. cell voltage is lower than in the 
usual method, being from 0.8 to 1.1. 

In copper refineries, owing to the removal by H2SO4 of the 
silver remaining with the gold slimes from the silver-refining cells, 
the modified Wohlwill process employing a.c. is generally not 
used, but the method does find employment in the government 
mints and assay offices. 


NICKEL 

At the present time by far the largest share of the world’s 
nickel production is obtained from the Sudbury nickel field in 
the province of Ontario, Can. The ores are copper-niekcl 
sulphides containing cobalt, iron, and precious metals. The ores 
are smelted to low-grade mattes which are then blown in basic 
converters for the removal of iron. The product of these con- 
verters, termed “ Bessemer matte,” is shipped to the nickel 
refineries where the process is a combination thermal and elec- 
trolytic one. The flow sheet for the process is given in Fig. 64. 
The discussion will not be concerned with the Mond carbonyl 
process but only with those involving electrolytic operations. 
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The International Nickel Company process is based on the 
fact that in a molten system containing nickel sulphide, copper 
sulphide, and sodium sulphide, in general two liquid layers are 
formed, the upper carrying the bulk of the sodium and copper 


Bessemer Matte 



Fig. 64. — Flow sheet of the International Nickel Company of Canada, Limited. 

sulphides and the lower the bulk of the nickel sulphide. A 
separation is made in these two layers. Peek 15 has described 
the refining of nickel-copper matte at the Port Colbornc plant 
of the International Nickel Company. 


Eng. Mining J., 130 , 482 (1930). 
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The Bessemer matte, containing approximately 54 per cent 
Ni, 26 per cent Cu, 20 per cent S, and 0.30 per cent Fe, is charged 
into a standard water-jacketed blast furnace with coke and 
revert top soda flux from a subsequent operation. The essential 
reagent is sodium sulphide or sodium sulphate, the latter .being 
reduced by the coke of the charge to the former. On solidifica- 
tion of this first smelting in pots, a top and bottom are formed, 
effecting a dividing line between the two metals. About 90 per 
cent of the total copper in the form of top is transferred to 
Pierce-Smith converters, where it is blown to blister copper ready 
for market. The separation between top and bottom is marked 
by a clean line of cleavage. 

The bottom, containing the nickel, goes to a second smelting 
with soda flux. From the second smelting the top goes back to 
the first smelting of Bessemer matte. The second bottom — 
nickel sulphide — shows the following analysis: Ni 70 per cent, 
Cu 0.90 per cent, Fe 0.25 per cent. This is broken up and 
ground in ball mills. From the ball mill the nickel sulphide 
goes to leaching tanks where the mechanically contained soda 
is washed out with water and the iron with dilute H 2 S0 4 - The 
nickel sulphide is then given one chloridizing roast and leached 
to remove the copper, and a second roast with soda ash to remove 
all fractional remaining impurities. The resulting black oxide of 
nickel of the following analysis: Ni 77.60, Cu 0.10, Fe 0.25, Si 
0.10, and S 0.015 per cent, is ready for the market or for reduction 
to metal in the open-hearth furnace. It is tapped from the 
furnace into pig nickel, nickel shot, and nickel anodes. The 
nickel anodes go to the electrolytic refinery. 

Anodes and Cell Operation. — The anodes are rather rough on 
top but are sufficiently uniform as to thickness. They are 
removed from the molds and stacked upright, resting on their 
lower ends. A portable electric grinder then brightens the lower 
side of the lugs to make good electrical contact on the tank 
busbars. Anodes are 36 by 27 in. below the lugs and of some- 
what irregular thickness, weighing about 425 lb. each on an 
average. 

Starting blanks are aluminum sheets 38 J4 by 29 by in., 
with two tangs each 6 by 5^ in., to the top of which is riveted 
and soldered the iron crossbar of by ljb-i-in. section. Side 
and bottom sticks 1 in. square are applied to these to prevent 
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the starting sheet from covering the edges. Each blank weighs 
about 30 lb. complete. 

Starting sheets are provided with two loops 20 H by 2^ in. 
before bending, made by shearing some of the sheets, attached 
by Morrow clip machines. The sheets are 36 by 28 in. and 
weigh about 11 lb. each. Cathodes average approximately 128 
lb. each. 

The tanks are of concrete 6 in. thick, with a mastic lining 1>£ 
in. thick, and are built in blocks of two tanks each. Inside the 
lining they measure 16 ft. 9H in. by 2 ft. 10^ in. by 5 ft. 2 in. 
deep. At one end is a 2^-in. overflow pipe, opening at 6 in. 
above the bottom and terminating in an overflow basin 9J4 by 8 
by 4 in. deep at the top of the tank. The overflow basin projects 
7 in. beyond the outer end of the tank and is provided with a 
level-regulating wooden dam and a perforated outlet from which 
the rejected electrolyte rains down into a funnel and is led 
through a short section of hose to the foul -re turn launder. 
Diaphragms are used between anodes and cathodes, being of 
canvas cloth or a special type of muslin. They are so constructed 
and placed in the tank that anode and cathode chambers are 
formed. 

Along the outer side of each tank is a hard-rubber header, 
connected at its center to a 1^4-in. rubber hose riser from the 
pure solution main. Thirty hard-rubber nipples along the upper 
surface of the header, each having a J4-in. soft-rubber feed pipe 
attached, lead pure solution to the cathode boxes. Along the 
tops of the sides are hardwood top boards 6 by 2 in., notched at 
their lower part to receive the ends of the wedges that secure the 
cathode boxes in place. The outer boards also have holes 
opposite each cathode box through which the rubber feed pipes 
are led. 

There are 30 cathode chambers in each tank. These are 
made of spruce wood, with sides of heavy canvas calked into a 
groove along the sides and bottom rail of the box and tacked to 
the top rails. The legs of the boxes stand upon notched rails 
fastened against the sides of the tanks and 14 in. above; their 
bottoms. The notches insure correct spacing of the boxes. 

The operating voltage is 2.4 to 2.5 per cell, with 4,800 amp. 
The temperature is held around 57°C. With 405 sq. ft. of 
active cathode area, the c.d. is approximately 11.5 to 12 amp. 
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per sq. ft. (1.25 to 1.3 amp. per dm. 2 ). The electrolyte flows 
into each cathode box at the rate of about 0.7 cu. ft. per hr.; 
hence the average outward flow velocity through the canvas 
sides is about 0.05 ft. per hr. This flow is swifter than the 
velocity of copper or iron ions moving under the unit potential 
fall between the anodes and cathodes, so they are thus excluded 
from the cathode side of the canvas. Since the cathodes are 
immersed in a solution nearly free of copper and iron and con- 
tinually renewed by the flow of pure solution, the metal plated 
out contains only trifling amounts of these impurities. Nickel 
ions resulting from the dissolutions of anode metal have to 
travel from the plating cells through the cementation and iron- 
removal process and return by way of the pure solution flow 
pipes, tank headers, and solution feed pipes to the cathode boxes 
before they may be discharged on the cathodes. 

The flow pipes and the return flow launders are of wood 
throughout. There is little current leakage, and a net cathode 
current efficiency of 95 per cent is held month after month. 

Anode slime in part falls to the bottom of the cells, whence it 
is removed periodically, and in part adheres to the anode scrap. 
The scrap is accordingly scrubbed with a stiff broom to loosen 
the slime, often tightly adherent, which is then washed off with 
a stream of electrolyte. 

Electrolyte. — The purified electrolyte contains nickel sulphate 
equivalent to about 40 g. Ni per liter, and about 20 g. boric acid. 
Copper and iron should each be less than 0.005 g. per 1. The 
electrolyte enters the catholyte box at an acidity equivalent to 
pH 5.2. During refining, the electrolyte decreases in nickel 
content, leaving the tank at a pH of 4.0. If the cementation 
method be used, the electrolyte is purified of copper by passage 
over finely divided nickel made by charcoal reduction of green 
nickel oxide. Air is blown into the solution to oxidize the iron 
which is then precipitated as Fe(OH) 3 . Further removal of iron 
is obtained by adjusting the pH of the solution to 5.2 and heating 
it to approximately 57°C., at which point ferric sulphates are 
precipitated. A suspension of nickel carbonate in water is fed 
in to neutralize the acid set free by hydrolysis of ferric iron. 
The electrolyte is then cooled down to 52°C. and returned 
to the cells through rubber-lined or hard-rubber piping. Every 
precaution is taken to keep the electrolyte out of contact with 



264 


ELECTROLYTICS 


metals, the liquid coming in contact only with hard rubber, 
mastic, or wood, and in a single case with lead at the discharge 
box end of the cell, where there is a lead apron. 

Chlorides are not added for anode corrosion but they are 
present from various sources to the extent of 75 mg. per 1. 
The sulphide content of the anode keeps it depolarized. It is 
interesting to note that the depolarized plater’s anode is made 
from pure nickel containing a small amount of sulphur. The 
sulphur content of the electrolytically refined nickel is negligible. 

Table XXXV. — Electrolytic Repining of Nickel 


Electrolyte: 

Percentage Ni 

Percentage boric acid . 

Temperature, °C 

Circulation apparatus 


Current : 

Amperes per square foot cathode. . 

Voltage per tank 

Current efficiency 

Kilowatt-hours per pound Ni 

Anodes: 

Composition 

Length , width, thickness 

Weight, pounds 

Mode of suspension 

Life, days 

Percentage scrap 

Cathodes : 

Starting sheet blanks 

Size starting sheet, length X 
width 

Weight, pounds 

Mode of suspension 

Replaced after ? days 

Weight, pounds 

Deposition vats: length X 
width X depth 

Number of anodes, cathodes 

Tank material 

Anode mud: 

Composition 

From primary anodes 

From secondary anodes 


40 g. per 1. 

20 g. per 1. 

52-57 

Hard-rubber pumps 

10 rotaries, each 1,100 kva. 

11.5-12 
2. 4-2.5 
93-94 per cent 
1.1 

Precious metals % oz. per ton 
36 X 27 X 2 in. 

415-425 
Cast lugs 
32-33 
36-40 

Aluminum, Na 2 S dipped, 30 lb. each 
36 X 28 in. 

11-12 

Nickel loops 

14 

125 

16 ft. 9 M in. X 2 ft. 10 >2 in. X 5 ft. 

2 in. 

29, 30 

Concrete, mastic and gilsonite lined 


Precious metals 12 oz. per ton, Ni 
30-40 per cent 

Precious metals 500 oz, per ton 
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Electrolytic nickel dissolving cells are used for restoring the 
metal content of the electrolyte. In contradistinction to copper 
refining where the metal content increases, the nickel content 
in this particular method decreases and necessitates the addition 
of further metal values. 

Anode Slimes. — At periodic intervals slimes are drained from 
the tanks through an opening ordinarily kept closed by a lead 
plug in the center of the bottom. Slimes go to settling and 
washing tanks on the floor below and then to filters, from which 
they are removed for precious metal recovery. 

The filter cake is calcined and its sulphur content reduced to 
about 0.2 per cent, after which it is smelted with coal in open- 
hearth furnaces and cast in regular anode molds to form secondary 
or precious metal anodes. These are electrolyzed in special sets 
of refining tanks. To prevent loss of the very high-grade slime 
from these anodes, they are wrapped in closely woven cotton 
duck. The anode scrap is carried to the precious metal slime- 
concentrating plant where the slime is carefully removed from 
the scrap. The latter is then returned to the precious metal 
anode furnace. Precious metal anodes contain approximately 
24 per cent Cu and 73 per cent Ni. Secondary slime contains 
about 2 per cent of the platinum group metals and is concentrated 
by acid treatment to a product containing 40 to 50 per cent 
platinum group metals. This is soldered up in steel cans and 
shipped to the platinum refinery in Acton, London, England. 

In starting a new installation, considerable quantities of H 2 O 2 
are added during the first three days to get rid of organic matter 
in the bath, the organic matter arising from various sources 
including the wooden side boards or “restrainers.” 

Cathodes. — Cathode nickel is not remelted. On removal from 
the refining tanks the cathodes are washed and soaked overnight 
in warm water to insure removal of nickel salts. They are then 
cut into squares either 2, 4, 6, 8, or 9 in., as specified by the 
customer, and packed in barrels for shipment. 

Operating data on nickel refining are summed up in Table 
XXXY. 

Hybinette Process of Nickel Refining. — An electrolytic nickel 
extraction process devised by Hybinette found employment at 
Christianssand, Norway. The process was employed by the 
British-Amcrioan Nickel Corporation at its refinery at Deschenes, 
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Que. A Bessemer matte running Ni 53, Cu 28, S 18, and Fe 
0.25 per cent was granulated and, after screening through 10 
mesh, was charged into cementation tanks, through which flowed 
the foul electrolyte from the nickel deposition tanks. Inasmuch 
as the Bessemer matte was semimetallie, the metallic portion 
cemented out the copper in the electrolyte, while an equivalent 
amount of nickel went into solution. The metal transfer was 
facilitated by operation at about 21 °C. . The resulting copper- 
free electrolyte and the foul solution from the deposition tanks 
flowed in opposite directions through a heat interchanger to 
preheat the foul liquor. 

The spent matte from the cementation tanks (now having 44 
per cent Cu and 38 per cent Ni, the copper having been increased 
and the nickel reduced) was excavated and sent to eight-hearth 
Wedge roasters and roasted to about 1 per cent sulphur. The 
hot calcines were screened, oversize being returned to the roasters 
and the fines discharged into a leaching launder and conveyed to 
leaching tanks of about 90-ton capacity. The leaching solution 
was depleted electrolyte from the copper deposition tanks 
(copper 30 g. per 1. and H 2 S0 4 80 g. per 1.). The copper-enriched 
solution (copper 50 g. per liter, H 2 S0 4 50 g. per 1.) passed through 
clarifying cones then through a series of three-tank cascade 
electrodeposition vats. These were lead lined and contained 
eight cathodes and nine insoluble lead anodes. The overflow 
from the last tank returned as leach liquor. 

Some nickel was dissolved with the copper and accumulated 
in the copper electrolyte. A portion of the spent electrolyte 
was continuously removed and sent to complete deposi ting-out 
tanks, where all the copper was removed. The resulting liquor 
was worked up for nickel salts. 

The nickel electrolyte was also continually enriched with 
nickel in the cementation tanks, where the copper cemented on 
the matte was replaced by an equivalent amount of nickel. It 
was necessary, therefore, continually to withdraw portions of the 
solution which were evaporated and crystallized as above. The 
leached, roasted matte was excavated, mixed with coke breeze 
and limestone, and melted in a three-phase resistance furnace. 
The metal was tapped intermittently into a brick-lined ladle 
and poured into cast-iron anode molds (24 by 36 in.). Anodes 
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contained about 68 per cent Ni, 26 per cent Cu, and 0.40 per 
cent Fe. 

The anodes were encased in bags to catch slimes and suspended 
in lead-lined tanks carrying 36 anodes and 35 cathodes. Cath- 
odes consisted of iron or copper plates (24 by 36 in.) suspended in 
“Hybinette bags,” consisting of wooden frames with canvas 
sides, acting as diaphragms. 

Copper-free nickel electrolyte from cementation tanks previ- 
ously described was fed to cathode bags through rubber tubes 
from a lead header at a rate sufficient to maintain a head of about 
1 in. over the level in the anode compartment. This was to 
prevent anolyte containing copper from flowing into the cathode 
bags and contaminating the nickel. The iron or copper cathodes 
were painted with graphite to facilitate stripping. Nickel sheets 
weighing about 30 lb. were stripped from cathodes about every 
10 days, washed with dilute H 2 S0 4 , and cut into small squares 
for shipment; or they were melted in electric furnaces and cast 
into ingots. 

Electrolytic nickel analyzed approximately: Ni 98.25, Co 0.75, 
Cu 0.03, Fe 0.50, C 0.10, Pb 0.20 per cent. 

Anode scrap was remelted and cast into molds. Slag from 
the melting furnace was shipped back to the smelter for re treat- 
ment. Slimes from the anode tanks were treated for the recovery 
of precious metals. 

LEAD 

With one exception, attempts to refine lead electrolytically 
have seemingly failed or have progressed no further than the 
laboratory experimental stage. The successful electrolytic 
method, known as the Betts process, 16 is used in the large refin- 
eries at Trail, B.C., East Chicago, Ind., Omaha, Neb., Oroya, 
Peru, Newcastle upon Tyne, England, as well as at some Con- 
tinental European plants. 

In this process anodes of lead bullion and cathodes of electro- 
lytic lead in sheet form are connected in multiple as in the electro- 
lytic refining of copper. They are supported on copper bars 
across a tank containing lead fluosilicate, (PbSiF 6 ), and free 

“Betts, U.S. Patents 713,277 and 713,278, Oct. 9, 1902; 891,395 and 
891,396, June 23, 1908; 918,647, Apr. 20, 1909. 
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hydrofluosilicie acid, (H 2 SiF 6 ) , as electrolyte. During electrolysis 
a slime or anode mud is formed (on the anode) which contains 
practically all the impurities. It is collected from the anode 
and from the bottom of the tank and treated for the recovery 
of Sb, As, Bi, Cu, Ag, Au, Pd, Se, and Te. The lead deposit on 
the cathode is melted together with the starting sheet and cast 
into bars. 

As a result of electrolysis, Pb, Sn, Zn, Fe, Ni, and Co go into 
solution while Cu, Sb, As, Bi, Cd, Ag, Au, Se, and Te remain at 
the anode. In the first group tin will invariably deposit with 
the lead, since these two metals are so close together in the 
electrolytic series. It is therefore necessary to subject the lead 
bullion to a softening treatment before it is cast into anodes. 
The other soluble metals will not precipitate with the lead. Of 
the insoluble metals small amounts of antimony may pass 
to the cathode, especially when a c.d. as high as 17 to 18 amp. per 
sq. ft. (1.8 to 1.9 amp. per dm. 2 ) and a temperature of 37 to 38°C. 
are employed. This may be removed by poling the cathode 
lead with air in a kettle, which at the same time will separate 
any tin that may be present. 

Electrolyte. — In making the electrolyte at the plant, H 2 SiF 6 
is formed by the action of HF on Si0 2 and then allowed to 
combine with lead, JPbO, or white lead to yield PbSiF 6 . Com- 
mercial hydrofluoric acid containing 33 per cent HF may be 
used, or it may be produced at the plant by the action of H 2 80 4 
on fluorspar according to the following equation: 

CaF 2 + H 2 S0 4 - 2HF + CaS0 4 

In practice, however, it has been found that 81 per cent of the 
theoretical yield is the best obtainable, this being produced by 
using 90 per cent of the amount of H 2 S0 4 (sp. gr. 1.824) specified 
and heating for 3 hr. at 200°C. The reaction is carried out 
in horizontal cast-iron cylinders heated from the bottom. Care- 
ful fire control is important, inasmuch as the reaction itself 
develops a large amount of heat. Two leaden Wolf flasks 
connected in series are used to collect the HF. The product in 
the first one usually contains a small quantity of H 2 SiF G which 
comes from the Si0 2 of the fluorspar. The second is water 
cooled to condense the HF. 
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Hydrofluoric acid passes slowly through a lead tower filled 
with pure sand (99.5 per cent Si0 2 ), dissolving the Si0 2 . The 
resultant H 2 SiF 6 overflows into an oblong box containing 
granulated lead, where the reaction yields PbSiFe. A copper 
centrifugal pump with a bronze shaft, submerged in the solution, 
provides the required circulation. 

The electrolyte contains 5 to 10 per cent lead and 8 to 15 per 
cent total H 2 SiF 6 , the free H 2 SiF 6 content being 3 to 5 per cent. 
Multiplying the lead value by 0.7 will give an approximate 
figure for the lead combined with H 2 SiF 6 . The electrical con- 



Fig. 65 . — Electric conductivity of 
H2S1F6 of different normalities of 
PbSiFe dissolved in acid. 



Fig. 66. — Electric conductiv- 
ity of PbSiFe when dissolved in 
different normalities of BbSiFe. 


ductivities of PbSiF 6 and H 2 SiF 6 are shown in Figs. 65 and 
66. To insure a solid cathode deposit, a hot strong solution 
of glue is added daily, to the amount of about 0.013 per cent of 
the weight of the electrolyte. This material is dissolved in 
hot water (10 per cent concentration) and added directly to 
each cell, so that all cells receive due proportion once every 24 
hr. The consumption of glue amounts to 1.5 lb. (680 g.) per 
ton of lead produced. By-product sulphonates are now replacing 
glue with success in some refineries. 

The original electrolyte is colorless. It may appear slightly 
green from iron or nickel impurities or, on exposure to air, may 
take on a brownish color due to the presence of glue. The 
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electrolyte demands frequent analytical control. Its acidity is 
reduced during operation and must be restored by adding fresh 
acid. The lead content normally increases; but should it become 
low, the electrolyte is passed over granulated lead. The refining 
process operates at a temperature of 35 to 46°C., although 
slight variations will not alter the type of deposit. They will, 
however, affect the conductivity of the solution as well as the 
condition of the asphalt lining of the tank. Too low a tempera- 



Fig. 67. — Electrolytic lead tank room. {Courtesy Consolidated Mining and 
Smelting Company of Canada, Ltd.) 

ture will crack the coating, while one that is too high causes the 
lining to blister and soften. A copper coil in the head tank 
conducts steam in winter and cool water in summer for regulation 
of the temperature of the electrolyte. 

Tanks. — Tanks are arranged in double cascades. They are 
rectangular in shape with flat bottoms, being similar to those 
used in copper refining. In some refineries they are made of 
wood, pitch coated, and in others of asphaltum-lined concrete. 
In the latter case the concrete is made of 1 part cement, 2 parts 
angular sand, and 3 parts of screened, well-washed, crushed, 
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siliceous rock 1 to 2 in. in size. The tanks are lined with asphalt, 
usually of the petroleum-residue type having a melting point of 
105°C., after the concrete has been given a priming coat with an 
asphaltum paint. The tank arrangement, busbar connections, 
inspection and control, and physical layout are somewhat similar 
to those of a copper refinery. A modern plant which is the result 
of the development of the original Betts installation is shown in 
Fig. 67. 

If impure anodes be used, the rate of circulation of the electro- 
lyte is 3 to 4 gal. per min., while with pure anodes it becomes 7 
gal. per min. The solution is raised from the sump by means of 
copper centrifugal pumps equipped with monel metal wearing 
parts. An electrolyte Joss of 5 to 10 lb. H 2 SiF 6 per ton of 
normal lead bullion is attributed in part to the dissociation 
of the acid. If the anodes contain appreciable quantities of 
impurities, the loss will approach the higher figure. 

Anode Impurities and Current Density. — Ordinarily, impurities 
in lead bullion do not total more than 2 per cent, 1 to 1.25 per 
cent being antimony. Anodes containing more than 2.25 per 
cent of foreign metals cause difficulties in. electrolysis. Silver 
in the cathodes must be kept as low as 2 to 7.5 p.p.m. (2 to 7.5 
mg. per kg.) of refined lead. The usual impurities in the lead 
anodes are commonly present in such proportions that they will 
remain in the antimony slime sponge; copper is an exception. 
Copper if present in excess of 0.04 per cent will form a hard skin 
on the surface of the anode insoluble in hydro fluosilicic acid. 

At the Cerro de Pasco Copper Corporation at Oroya, Peru, 
the anodes run 90 to 95 per cent lead with a large amount of 
bismuth. The refining method has been adapted to such an 
extent that highly impure anodes cause no difficulties. 

The purity of the anode also controls the c.d. With an anode 
analyzing Pb 66, Bi 7, Sb 19, As 5, Ag 2, Cu 1 per cent, Betts 17 
used 4 amp. per sq. ft. (0.4 amp. per dm. 2 ); whereas, in present- 
day refineries with anodes nearer 98 per cent lead, the c.d. is 
16 to 18 amp. per sq. ft. (1.7 to 1.9 amp. per dm. 2 ) of anode area. 
With anode and cathode 1% in. apart, the tank voltage is 0.35 
with new anodes; but owing largely to the accumulation of 
antimony sponge on the anode surface, this potential increases to 

17 “Lead Refining by Electrolysis,” p. 56, John Wiley Sons, Inc., New 
York, 1908. 
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as high as 0.7. In ordinary operation tank voltages are between 
0.35 and 0.6, varying with the c.d. and the age of the 
anodes. 

Anodes and Cell Operation. — The anodes, cast in open molds, 
are made with shoulders which rest on the busbars of the tank 
when in position. Data on refining, anode size, etc., are given 
in Table XXXYI. A thinner anode is used in lead refining as 
compared to the one found in copper refineries. This is due to 
the fact that during electrolysis most .of the impurities cling 
to the anode, increasing the resistance to the current. An 
accumulation of such impurities may drop to the bottom of the 
tank, causing short circuits or, through solution or suspension, 
may be deposited at the cathode. 

Cathodes are usually about Y to 1 in. larger than the anodes. 
Originally, sheet iron, plated with lead, was used as cathode. 
These were later replaced by sheets of electrodeposited lead. In 
present practice cathodes are cast on sloping cast-iron tables ffed 
by a trough at the upper end. 

The electrode spacing is 1% to the usual range being 

2Y to 2J4 iu. center to center and 1 % in. face to face. The 
distance must be determined for the given conditions at the plant. 
Narrow spacings lessen the resistance and increase the kilowatt 
output but are conducive to short circuits and therefore to 
ampere-efficiency losses. Greater distances, on the other hand, 
although raising the ampere efficiency, tend to increase the 
resistance and increase the energy consumption per pound of 
lead deposited. 

Anode corrosion is comparatively regular. Most of the 
impurities are insoluble, adhering to the anode. To insure a 
full surface for these particles, about 25 to 35 per cent of the 
anode is left unattacked, returning to the anode kettles as scrap. 
The anode mud which may drop to the bottom of the tank is 
likely not only to cause short circuits, but also to set up a 
chemical reaction between its components and the free acid of the 
electrolyte. A 10-day clean up and renewal of anodes is the 
practice at some plants, but with impure anodes four-day replace- 
ment is common. The corroded anodes and their adhering slimes 
are taken from the tanks and deposited in a tank car about twice 
the size of the cell, filled with water. The mud is scraped away, 
the anodes being raised and lowered by means of an electric 
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hoist. The anodes themselves are then brushed, either by hand 
or by rotary brushes, until clean, when they are raised, rinsed, and 
sent to the anode kettles. The slime is partly settled, then with 
the remaining electrolyte is passed through a filter press, washed 
with water, air dried, and discharged for further treatment. A 
certain amount of lead will be held in the electrolyte in the pores 
of the anode mud even after washing. The first filtrate consists 
of electrolyte and goes to the head tank; the dilute and weaker 
portion is used for first water in the anode wash tanks. Filtration 
will remove most of the soluble lead, but the anode slimes will 
contain an appreciable percentage of insoluble lead. Anode 
mud analyses are given in the general table. 

Anode Mud Treatment. — The presence of bismuth, tellurium, 
and selenium is the determining factor in the treatment of the 
mud. If these metals be absent, the process is a simple one; 
but, with bismuth to be recovered, the treatment becomes 
complicated. * The treatment of the anode residue slimes for 
the separation of the gold and silver content presents no unusual 
features. Variations in the method of treatment are based on 
the selective oxidation of the contained metals when heated in 
an oxidizing atmosphere. According to their ease of oxidation, 
the individual metallic constituents of the slimes follow the order 
As, Sb, Sn, Pb, Cu, Bi, Ag, and Au. The successful electrolytic 
work in the cell room demands that the cellular structure of the 
slime be not destroyed during its filtration and washing 
process. 

At Trail, dewatered slimes contain 40 to 45 per cent moisture. 
These are fed directly to a melting furnace and heated in a 
reducing atmosphere so that oxidation may be prevented as 
far as possible. The maximum proportion of metal is produced 
together with the minimum amount of lead antimonite (PbO* 
Sb 2 0 3 ) slag. Arsenic is largely volatilized during this treatment 
and passes off with the furnace gases, to be caught in the collecting 
system. The slag is desilverized by the addition of coal and 
coke breeze, the resulting metal being added to the metal obtained 
from the slime treatment. The metals are then subjected to an 
oxidation heating whereby the antimony and arsenic are elimi- 
nated as oxide fumes which are collected. These form the 
initial product for the production of metallic antimony, the 
fumes running about 60 per cent Sb, 6 to 10 per cent As, 1 to 3 per 



276 


ELECT ROL YTICS 


cent Pb, and 2 to 20 oz. Ag. All but about 7 per cent of the anti- 
mony in the metal can be removed by the oxidation treatment, 
and this remaining amount is eliminated by the formation of lead 
antimonite slags produced by the reaction of antimony oxide and 
lead oxide (litharge) with the resultant elimination of the greater 
part of the lead. At this point bismuth and copper are oxidized 
and form scoriae on top of the metal bath. These are constantly 
skimmed off so that about 80 per cent of the bismuth is removed 
from the metal, with the final production of dore or silver-gold 
alloy. The copper-bismuth scoriae or slags are the starting 
product for the recovery of bismuth. The dor6 metal is parted 
by the H2SO4 process. The gold sludge is remelted, cast into 
anodes, and refined electrolytically by the Wohlwill process. 
The small proportion of palladium contained in the lead ores 
may be recovered at periodic intervals from the gold-refining 
electrolyte. 

Pure Lead. — Electrolytic refining allows the production of 
unusually pure leads. In connection with his study of the effect 
of impurities on the properties of metallic lead, Cowan 18 has 
produced leads running purer than 99.999, of such high grade 
that 1,000-g. analytical samples had to be taken for the deter- 
mination of impurities. Some of his results are given below. 


Analyses of Lead before and after Electrolytic Refining 


Constituents 

Original Southeast 
Missouri lead desil- 
verized by Parkes 
process, per cent 

Electrolytic refined 
second deposition, 
per cent 

Silver 

0.0006 

None (200 g.) 

Antimony 

0.0020 

0.00024 (1,000 g.) 

Copper 

0.0003 

0.000057 (1,000 g.) 

Iron 

0.0005 

0.000193 (1,000 g.) 

Zinc 

0.0006 

0.00008 (1,000 g.) 

Total impurities 

0.0040 

0.000570 

Lead (by difference) 

99.9960 

99.999430 


Note.— -I n the electrolytic refined lead bismuth, tin, and arsenic arc not 
present in amounts that could be called a trace, as determined on 100-g. 
portion. 


18 Private communication from William A. Cowan, National Lead 
Company. 
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BISMUTH 

Bismuth-rich scoriae and slags are produced as a by-product of 
working up anode slimes from lead refining. These are treated 
by furnace methods. The residue is crude bismuth containing 
mainly silver and lead. This is refined electrolytically in an 
acid BiCl 3 solution containing somewhat more than 100 g. 
HC1 per liter and 3 to 4 g. of bismuth in a Thum cell, the same 
type as used for silver refining, at 50 to 60°C. The lead of the 
crude bismuth anode goes into solution as PbCU but does not 
deposit with the bismuth. It concentrates in the electrolyte, 
portions of which are periodically removed and the PbCb 
crystallized out. 

Experimental refining of crude bismuth anodes containing 
94 per cent Bi, 2.2 per cent Pb, 3.1 per cent Ag, 0.5 per cent Cu, 
0.1 per cent Sb, 0.1 per cent Au, described by Mohn, 19 in an 
electrolyte containing 7 per cent bismuth as BiCl 3 and 9 to 10 
per cent free HC1 at anode c.d. of 18 to 19 amp. per sq. ft. (2 amp. 
per dm. 2 ) and cathode c.d. of 55 to 56 amp. per sq. ft. (6 amp. per 
dm. 2 ) at a bath voltage of 1.2, was not very satisfactory. Lead, 
antimony, copper, and, unless care were taken, some silver also 
dissolved. Silver enters the cathode deposit, while copper and 
antimony can be allowed to accumulate in the electrolyte only 
to a small extent. 

Crude bismuth anodes containing silver and lead in bismuth 
fluosilicate electrolytes were found by Foerster and Schwabe 20 
to give pure cathodic bismuth of a compact and dense nature. 
The silver remained undissolved in the slimes. The lead accumu- 
lated in the electrolyte. The single potentials of bismuth, silver, 
and lead against solutions of their fluosilicates are far apart. 

TIN 

During the World War the electrolytic refining of tin was 
developed in the United States as a means of dealing with the 
metal obtained from the smelting of complex or impure Bolivian 
ores from which straight dry thermal methods of refining pro- 
duced a poor grade of metal. 

19 Electrochem. Ind., 6, 314 (1907). 

2 0 2. Elektrochem 16, 279 (1910). 
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Electrolytes- — Many electrolytes for tin refining have been 
proposed. Some of them have been used on a commercial 
scale, others have found application only for plating, and a multi- 
tude of others so violated commercial considerations that they 
have never been used. Man tell 21 has summed up the various 
baths proposed as follows: 

The alkaline sulphide baths for refining are unstable, will not permit 
circulation, and have to be externally heated; the same holds true for the 
alkaline baths, which have the additional disadvantage that anode 
corrosion is greater than cathode deposition. The organic acid baths 
are unstable and expensive, useful only for electroplating; the same holds 
true for the boric and phosphoric acid baths. Tin is deposited from 
neutral or alkaline baths in a finely granular or spongy condition, which 
deposits are difficult and expensive to handle. Acid ,baths give rise to 
“tree” deposits which eventually short-circuit the , electrodes. Acid 
baths containing chlorides give rise to very long crystals. Certain 
organic addition agents used in this bath will reduce the size of the 
cathode crystals, but large quantities of addition agents are required to 
produce deposits easily handled without mechanical loss. A similar 
set of conditions holds true for the H 2 S0 4 bath. The fluosilicate bath, 
while producing satisfactory results, is expensive and needs the addition 
of H2SO4 to prevent the deposition of lead along with the tin. The b 
sulphate bath, such as Na 2 S0 4 or SnS0 4 , tends to give spongy deposits 
of the same character as those from alkaline or neutral baths. The 
combination sulphuric-acid alkaline-sulphate tin-sulphate bath combines 
the treeing of the acid bath with the sponge deposit of the alkaline bath 
by neutralization of one effect by the other, producing a satisfactory 
medium for commercial electrolytic tin refining. The combination 
sulphuric-acid sulphonic-acid bath has satisfactorily operated over a 
number of years, producing the highest grades of tin known. It meets 
all the necessary conditions for commercial refining. Being on a 
H2SO4 base, it is relatively inexpensive. It can be readily controlled 
and entails no unusual and not fully tested materials of construction. 

The bath employed commercially at the plant of the American 
Smelting and Refining Company at Perth Amboy from 1917 
to 1923 was considerably changed as its development proceeded. 

It originally contained 15 per cent of H 2 SiF6, 4 per cent Sn, with 
H 2 S0 4 added as a lead precipitant. It was later changed to a 
H2SO4 base electrolyte containing 8 per cent H 2 S0 4 , 4 per cent 
cresol-phenol ' sulphonic acid, and 3 per cent Sn. 

21 “Tin,” Chemical Catalog Company, Inc., New York, 1929. 
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Anode Impurities. — Tin is in a most desirable position in the 
electromotive series of the metals for electrolytic refining. The 
only impurity of frequent occurrence that stands equal or close 
to tin and would dissolve is lead, all the others being below tin. 

Practically, lead is the only impurity that dissolves; conse- 
quently the electrolyte must contain a radical that will form an 
insoluble compound with lead, such as a sulphate, chromate, 
fluoride, etc. The other metals occurring as impurities in tin 
(arsenic, antimony, bismuth, copper, etc.) are not dissolved and 
remain in the anode slimes. 

Cell Operation. — The requirements that a tin electrolyte should 
meet are: (1) It must readily dissolve tin from the anode and 
thus prevent the anode from becoming passive or insoluble, 
with consequent high voltage and polarization; (2) it must be a 
good conductor of electricity; (3) the cathode deposit must be 
adherent. 

Tin is a very crystalline metal, and the cathode deposit from 
most electrolytes consists of long dendritic or needle-like crystals. 
These crystals are loosely attached and grow rapidly, touching 
the anode and causing short circuits. The tin deposits for 
satisfactory work should be smooth, dense, and adherent. To 
obtain such a deposit from most tin electrolytes, an addition 
agent is necessary. 

The operating data of the Perth Amboy plant are given in 
Table XXXVII. The total acid in the electrolyte is calculated as 
H2SO4, although it was partly H*S0 4 and partly cresol sulphonic 
acid. Glue-cresylic acid emulsions were used as addition agents. 
The addition agent consumed was of the order of 3^ to 3 lb. of 
glue and 8 to 16 lb. of cresylic acid per ton of refined tin. Refin- 
ery starting sheets were made by pouring molten electrolytic tin 
over an inclined steel table of the size and shape of sheet desired, 
a method similar to that used for making starting sheets for the 
electrolytic refining of lead. The electrolytic tin produced 
analyzed better than 99.98 per cent Sn. 

Electrolytic tin is not now produced on a large scale, inasmuch 
as almost all Bolivian ore goes to English and European smelters 
who blend these impure vein ores with purer ones from the 
Straits Settlements and Nigeria and are thereby enabled to 
produce a satisfactory quality of tin by thermal methods at a 
somewhat lower cost. 
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Recovery of Tin from Tin-plate Scrap. — As the tin-plate 
industry grew to large proportions, the problem arose ■ as to the 
disposal of clippings and other scrap which accumulate in large 

Table XXXVII. — Electrolytic Refining of Tint 


Electrolyte : 

Percentage Sn 

Percentage total acid (as H2SO4) . . 
Temperature, degrees centigrade . . 
Circulation, gallons per minute .... 

Circulation apparatus 

Current : 

Amperes per square foot cathode . . 

Voltage per tank 

Current, kilowatts per generator. . . 

Current efficiency 

Kilowatt-hours per pound Sn 

Anodes : 

Composition 

Length, width, thickness 

Weight, pounds 

Mode of suspension 

Life, days 

Percentage scrap 

Cathode: 

Size starting sheet, length X width 

X thickness 

Weight, pounds 

Mode of suspension 

Replaced after ? days 

Weight, pounds 

Deposition tanks: 

Length X width X depth 

Number anodes, cathodes 

Electric connection 

Material of construction 

Anode mud : 

Percentage of anode 

Composition 


3 

10.2 

35 

5 

Vertical centrifugal pumps 
8 — 10 

0.3-0.35 

4,500 

85 per cent 
0.085 

Sn 96.0, Bi 1.0, Sb 0.25, As 0.15, Cu 
0.25, Pb 1.0 per cent 
33 X 36 X 1% in. 

350 

Cast lugs 

21 

25 


34 X 37 X K* ia- 
8-10 

Wrapped 

7 

100 

12 ft. 11 in. X 3 ft. 5 in. X 3 ft. 6 in. 

26, 27 

Walker 

Wood, lead lined 
5 

Pb 20, Cu 5, As 3, Sb 5, Sn 30, Bi 20 
per cent 


quantities. Tin-plate scrap, made as a result of the working 
up of tin plate into cans, boxes, containers, etc., has been the 
subject of much study. In its plated state, the scrap cannot be 
puddled or charged into the open-hearth furnace. The tin 
coating prevents the making of a satisfactory iron or steel product. 
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Hundreds of patents in all the different industrial countries have 
been granted for the removal of this coating. The coating has a 
considerable value, either as metallic tin, or as tin salts used in 
various industries. 

As far back as 1876 Keith 22 recommended the electrolysis of 
tin scrap in an alkali solution, while in 1882 Theodor Gold- 
schmidt, in Germany, conducted experiments with a warm 
solution of caustic soda, using the tin-plate scrap as the anode 
and an iron plate as cathode. This simple idea has been the 
basis for the further development of the industry. The opera- 
tion on a plant scale offers difficulties, both electrochemical and 
mechanical, which have been solved in commercial operation. 

The tin is recovered at the cathode in the form of a spongy or 
finely granulated precipitate, which can be removed and melted. 
In a single operation the process yields a serviceable iron which 
may be compressed into solid billets and for which a market can 
be readily found. The apparent simplicity of the method caused 
it to come into quite general use in a comparatively short time, 
so that up to about 1907 it dominated the entire field. At the 
present time, however, the chlorine detinning process has largely 
superseded the electrolytic method except under certain special 
sets of economic conditions. 

The tin-plate scrap serves as the anode of the cell; the cathodes 
are either steel plates or the sides of the steel tanks. Iron is 
the cheapest and the most generally used electrode material. 
The tanks are connected up to the negative conductor, while the 
positive part of the cell is connected to copper bars or tubes 
which are placed in insulated supports lying along the edges of 
the tanks. The baskets are charged with tin-plate scrap and 
are of suitable size and dimensions so that they may be handled 
with ease. The baskets are made of heavy, iron-wire gauze of 
wide mesh, bound with strong heavy angle-iron bands. The 
bands extend up from the basket and are bent into hooks above, 
which rest on and make contact with the positive busbars. The 
basket design is usually on the basis of about 3 to 3 % lb. of 
scrap per cubic foot of basket volume. Baskets fit the tanks 
rather closely, with enough clearance between the sides of the 
baskets and the inner walls of the tanks or the cathodes to prevent 


22 TJ.S. Patent 176,658. 
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electrical short circuits. The capacity of baskets bear about a 
3:5 relation to the volume of the bath. The electrical resistance 
of the electrolyte is thus kept as low as possible. The baskets 
are suspended side by side. If an increased cathode area be 
needed, iron plates are hung between each pair of baskets. This 
is considered better practice. More careful control of the bath 
is then required. The nature of the tin-plate scrap and the 
impossibility of charging the anode baskets uniformly on a large 
scale, although equal weights may be electrolyzed, make it 
impossible to provide a constant anode area per bath. The 
current conditions are constantly changing. Control, at best, is 
always difficult. 

Up-to-date descriptions of operating conditions in electrolytic 
detinning plants are not available but the most recent follows : 

Current, 1,500 amp. 

Cells, 6 baskets per cell, 70 to 75 lb. of scrap per basket. 

Electrical connection, 6 cells in series, 9 to 12 volts across the system, or 
about 1.5 volts per cell. 

Scrap, 2 per cent tin, approximately. 

Operating time, 22 hr. per day, 350 days per year. 

Detinning time, 3 hr., entire set of baskets per cell changed. 

Detinned scrap, 0.1 per cent tin. 

Output, 3,000 tons detinned per year, 47.5 tons tin produced per year. 

Of the 1,500 amp. in the system, about 80 per cent of the 
current was useful in detinning, the rest being consumed in side 
reactions and polarization countereffects. 

The insertion and removal of the scrap baskets in the electro- 
lyte take place in a regular and systematic manner. The com- 
pletion of the detinning can be checked by the change in color 
of the scrap from its original appearance to colors varying from 
blue-black to red-brown. 

The detinned scrap is allowed to drain from the electrolyte 
and is washed with water. The material is then dumped out of 
the baskets, dried, and either compressed or baled for shipment 
or sold as it is. 

At intervals the tin sponge is removed from the cathode plates 
by iron scrapers, the cathodes being lifted out of the cells at the 
time. The sponge tin is washed free from alkali by more or 
less violent agitation with water. It is then a granular material. 
It is dried by centrifuging and melted to massive tin. In 
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some works the washed and dried tin is compressed before 
melting. 

Tin-bearing slimes at the bottom of the electrolytic baths, 
resulting from particles falling off the cathode or anode, and 
material dropping into the bath when the cathodes are scraped, 
are produced. This material contains tin, sand, iron, alkali, and 
various organic substances introduced into the bath through 
dirt on the scrap. The slimes are recovered by draining them 
off at intervals, adding them to slimes resulting from the de tinned 
scrap washing tanks and the tin oxide produced by regenerating 
the electrolyte. The whole mass is smelted for tin. 

IRON 

Electrodeposition of iron dates back to 1846 when Bottger 
used a bath of FeS0 4 -7H 2 0 and NH 4 C1. Bietz in 1869 produced 
electrolytic iron and employed it for making magnetic tests. 
Siemens 23 in 1889 proposed a general process in which sulphide- 
iron minerals were leached with ferric chloride or sulphate, the 
iron deposited from the leach liquors on a cathode in a diaphragm 
cell, and the leach regenerated. The first serious attempt to 
produce electrolytic iron in quantities was in 1904, 24 when the 
metal was deposited from a mixture of ferrous and ammonium 
sulphates at a c.d. of 6 to 10 amp. per sq. ft. (0.65 to 1 amp. per 
dm. 2 ) at 30°C. and an average e.m.f. of 1 volt. This method 
came to be known as the Burgess process and with some varia- 
tions has been a basis for most commercial manufacture of 
electrolytic iron in the United States. In the plant of the 
Western Electric Company 25 the anodes were cast steel and the 
bath carried slightly on the alkaline side so that a considerable 
amount of oxides would be deposited in the cathode to make the 
latter brittle and easily ground up in connection with the manu- 
facture of electrical “loading coils.” It was not necessary to 
make a pure grade of iron. A further modification of the Burgess 
process was used by the Westinghouse Electric & Manufactur- 
ing Company 26 in which a pure grade of iron was produced for 

23 U.S. Patent 415,576. 

24 Burgess and Hambuechen, Trans . Am . Electrochem. Soc., 6, 201 
(1904). 

26 Speed and Elman, J. Am. Inst. Elec. Eng ., 40, 596 (1921). 

26 Brace, J. Am. Inst. Elec. Eng., 44, 922 (1925). 
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use in the manufacture of alloys for electromagnetic machinery 
and instruments. Commercially pure iron anodes were used, 
but the refining range of the process was very small. Cathodic 
products would often be produced which were too high in either 
carbon or sulphur or both. 

In 1914 an electrolytic iron plant was installed at Grenoble, 
France, 27 in which a hot neutral solution of ferrous chloride was 
employed as an electrolyte to which iron oxide was added as a 
depolarizer, with cast-iron anodes and rapidly rotating mandrels 
for cathodes. Both tubing and plates were produced of electro- 
lytic iron of good purity, showing Fe 99.967 per cent, C 0.008 per 
cent, Mn 0.009 per cent, P 0.002 per cent, Si 0.014 per cent, S 
trace. 28 In commercial operation the electrolyte was circulated 
over iron turnings, and iron oxide was added; or else air was 
blown in to keep the H + ion concentration of the solution low. 
Current density was 93 to 105 amp. per sq. ft. (10 to 11 amp. per 
dm. 2 ) at a temperature of 80°C. The small hydrogen content 
of the metal was removed by annealing at 900°C. Power 
requirements were of the order of 1.8 kw.-hr. per lb. 

A bath used in Germany, originated by Fischer, 29 contained 
450 g. FeCl 2 , 500 g. anhydrous CaCl 2 , 750 g. water, operated at 
90 to 110°C. at 93 to 185 amp. per sq. ft. (10 to 20 amp. per dm. 2 ). 
Owing to the high working temperature, the iron deposited is 
relatively free from hydrogen and is therefore not brittle. It 
has a purity of at least 99.95 per cent and can be deposited in 
thick, dense layers. 

The production of electrolytic iron by leaching methods 
employing pyrrhotite ores was begun by Eustis in 1920, and an 
experimental plant was built at Milford, Conn. s0 The deposition 
cell contained a cylindrical steel mandrel cathode separated from 
graphite anode plates by an asbestos-cloth diaphragm. Cells 
were operated at 80 to 90°C. at c.d. of 100 amp. per sq. ft. 
(10.8 amp. per dm. 2 ) at cell voltages of 4 to 4.4. Best operating 
conditions were an iron content of 170 to 185 g. per 1., an absence 

27 Gtjillet, J. Iron Steel Inst ( London ) (1914); Electrician , 74 , 79 (1914); 
Engineering , 98 , 413 (1914). 

28 Escard, Ginie civil , 76 , 165, 199, 225 (1919); Elec . Rev,, 76 , 610 (1920). 

29 Z. Elektrochem ., 16 , 595 (1909); Trans. Am. Electrochem. Soc., 29 , 
357 (1916). 

30 Belcher, Trans. Am. Electrochem. Soc., 46 , 455 (1924). 
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of ferric iron in the catholyte, and pure electrolyte at a pH of 
3.7 to 3.9, when cathodic current efficiencies of 94 per cent were 
obtained. 

Recently the production of electrolytic iron from sulphide 
ores has been further studied. 31 Pilot plant operation has shown 
the possibility of producing very pure iron in dense homogeneous 
form by leaching sulphide ores with ferric chloride. The process 
requires the use of a diaphragm cell and a hot electrolyte. When 
sulphide ores contain other metals, these are recovered as by- 
products. None of the leaching processes ever reached the 
commercial stage. 

ANTIMONY 

A number of different methods have been proposed and used 
at times for the electrolytic refining of antimony. They included 
alkaline sulphantimonite solutions which gave pure antimony. 
The operations showed low current efficiency and difficulties with 
the formation of insoluble anode films. Antimony chloride 
electrolytes were employed, but the cathode product always 
contained chlorine and chlorides which was explosive under 
certain conditions. Fluoride solutions were used with better 

Table XXXVIII. — Electrolytic Refining of Antimony 
Electrolyte: 

Composition, grams per liter. . . Sb 25 to 30, Sn 100 to 110, Fe 11 to 12, 

H 2 S0 4 200 to 300, HF 20 

Current density 100 amp. per m. 2 or 9.3 amp. per sq. ft. 

Voltage....' 0.4 

Anodes : 

Composition Pb 2 to 6, Sn 3 to 6, Cu 0.5, Fe 0.5, As 

0.05, Sb 87 to 94 per cent, Ag 7 oz. per 
ton 

Length, width, thickness. .- 27.2 X 19.7 X 1.8 in. or 70 X 50 X 4.5 

cm. 

Weight 220 lb. or 100 kg. 

Cathodes : 

Starting sheet Copper 

Composition Pb 0.1, Sn 0, Cu 0.05, Fe 0.01, As 0.03, 

Sb 99.8 per cent, Ag 0.4 oz. per ton 

Anode slime Pb 30 to 50, Sn 2 to 3, Cu 3 to 4, As 0,5, 

Sb 20 to 30 per cent, Ag 70 to 85 oz. 
per ton 

31 Pike, West, Steck, Cummings, and Little, Trans. Am. Inst. Mining 
Met . Engrs., 30, 311 (1930). 
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results. At the present time the metal is refined in a combination 
sulphate-fluoride solution as given in Table XXXVIII of operat- 
ing data. Antimony is less noble than arsenic, copper, and 
bismuth but more noble than tin and lead; hence, during refining, 
arsenic, copper, and bismuth go into the anode slimes, while tin 
and lead pass into solution. In the presence of a large amount of 
H2SO4 in the electrolyte, lead is precipitated. 


Table XXXIX. — Electrolytic Solder 


Electrolyte : 

Pb, grams per liter 

Sn, grains per liter 

Free H 2 SiF G , grams per liter 

Total acid, grams per liter 

Specific gravity 

Temperature, degrees Fahrenheit 

Addition agents 

C.d., amperes per square foot cathode area 

Voltage drop between electrodes 

Current efficiency, per cent 

Anodes : 

Material 


Size, inches 

Weight, pounds 

Replaced after ? days . . . 
Cathodes : 

Material 

Size, inches 

Removed after ? days. . . 
Number anodes, cathodes . 

Anode spacing, inches 

Per cent anode scrap 

Deposition tanks : 

Material of construction 


25-35 

30-45 

60-70 

130-150 

1.18-1.20 

105 

Glue 

15 

0.34 

90-96 

Impure solder, average analysis 
62 Pb, 35 Sn, 2 Sb, 0.25 As, 
0.25 per cent Cu; 0.05 oz. Au 
per ton, 30 oz. Ag per ton 
36 X 24 X 1% 

350-400 

10 

Eleetrolytically refined solder 
38 X 26 
5 

31, 32 

4K 

25 

Concrete, lined with pitch and 
mastic mixture 


Size, length X width X depth 11' 6" X 2' 6" X 3' 9" 


The raw materials for antimony are either anode muds from 
lead refining, fumes from metallurgical operations, antimony 
slags from the treatment of copper anode muds, or antimony ores. 
The anode slimes produced during the refining are reworked by 
smelting with lead ores. Periodically part of the electrolyte is 
purified with insoluble anodes for the deposition of the antimony 
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and by concentration and treatment with H 2 S0 4 for the removal 
of the tin and iron. The antimony produced is 99.8 per cent 
pure. 

MERCURY 

Newbery and Naude 32 refined mercury in a HgC10 4 electrolyte 
with a mercury cathode at a c.d. of 9.2 amp. per sq. ft. with a 
cell voltage of 0.5 volt. 

SOLDER 

Hermsdorf and Heberlein 33 described the electrolytic refining 
of lead-tin alloys using a lead-tin fluosilicate electrolyte. The 
electrolytic process has the advantage of removing in one opera- 
tion both the base impurities and the precious metals to a greater 
extent than is possible by ordinary methods. 34 The operating 
data of the plant are tabulated in Table XXXIX. 

32 Trans . Electrochem. Soc., 64, 189 (1933). 

33 Trans. Am. Inst. Mining Met. Engrs., 121 , 289 (1936). 

34 TJ.S. Patent 1,842,028 (1932). 



CHAPTER XVI 

ELECTROWINNING 

COPPER 

In several places in the world, copper-containing minerals are 
treated for the recovery of the copper by electrowinning methods 
in which the mineral is leached or dissolved by a solution which, 
in turn, becomes an electrolyte and is stripped of a portion of its 
metal values by electrolytic precipitation, the stripped or spent 
electrolyte being returned for leaching fresh ore in a cyclic process. 
The metallic values of ores treated by electrowinning methods 
are usually very low, being of the order of 1.5 to 1.75 per cent 
copper or less. At the plant of the Chile Copper Company at 
Chuquicamata, Chile, the principal copper minerals are chal- 
canthite (CuS0 4 -5H 2 0), brochantite (CuS0 4 -3Cu(0H) 2 ), and 
atacamite (CuCl2*3Cu(OH) 2 ), and the leach contains H 2 SO 4 . 

In the plant of the Inspiration Consolidated Copper Company 
at Inspiration, Ariz., the ore consists of mixed oxides and sul- 
phides in which the total copper of the ore is of the order of 1.1 
to 1.2 per cent. The leach is a H 2 S0 4 -Fe 2 (S0 4 )3 solution and 
the insoluble anodes are 8 per cent antimonial lead. Modified 
leaching methods are employed in which the oxide is removed 
from the ore by H 2 S 0 4 solutions and the sulphide recovered by 
flotation from the leached ore. 

In general the ores are leached in large concrete tanks. At 
Chile the tanks are of reinforced concrete lined with mastic, 
while at Inspiration they are reinforced concrete lined with lead. 
Despite the fact that hy drome tallurgi cal plants are working on 
extremely low-grade ores, the copper recovery is of the order of 
80 to 90 per cent, and the production costs are considerably lower 
than in pyrometallurgical plants operating smelters. These 
smelters in addition have the advantage of high copper content 
ores to be worked. The commercial plants in operation were 
preceded by a large amount of pilot-plant work. 1 

1 Morse and Tobelmann, Trans. Am. Inst. Mining Met. Engrs., 65, 830 
(1916); Tobelmann and Potter, ibid., 60, 22 (1919); Sullivan, ibid., 106, 
515 (1933). 
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Ore Leaching. Chile Copper Company. — The methods 
employed at the plant of the Chile Copper Company and at the 
New Cornelia Mines of the Calumet and Arizona Mining Com- 
pany at Ajo will be discussed. A typical composite analysis of 
the ore treated at Chuquicamata shows Cu 1.58 per cent, Si0 2 
66.10 per cent, Fe 1.41 per cent, CaO 0.20 per cent, A1 2 0 3 17.70 
per cent, MgO 0.68 per cent, S 2.10 per cent, HN0 3 0.03 per cent, 
Cl 0.05 per cent, Na 0.80 per cent, K 4.80 per cent, Mn 0.07 per 
cent, Mo 0.01 per cent, As 0.005 per cent, Sb 0.005 per cent, Ba 
0.01 per cent, H 2 0 0.70 per cent, O in sulphates 3.94 per cent. 
Eichrodt 2 says that the most important constituents of the ore 
are (1) the total copper content; (2) the acid-insoluble copper 
which directly affects the extraction, as the leach used recovers 
practically no acid-insoluble copper; (3) the copper in the form of 
acid-making copper mineral such as chalcanthite (CuSOrSHsO) ; 
(4) the chlorine content which must be removed from the leaching 
solutions before they enter the electrolytic tank house; (5) the 
nitrates, in that HNO3 in leach liquors determines the materials 
of construction necessary, affects the insoluble anodes used in 
electrolytic precipitation, oxidizes the iron in the solution to the 
ferric state, and itself will dissolve cathode copper; (6) the soluble 
iron which in the leaching solution will have a tendency to oxidize 
to the ferric state and, as such, attacks the cathode copper, or as 
the result of the alternate oxidation at the anode and reduction 
at the cathode, affects current efficiency; (7) the soluble molyb- 
denum which appears to aggravate the oxidizing effect of the 
HNO3 on the iron, as well as increase the effect of the HNO3. 

In general the ore is mined by surface workings employing 
blasting and steam-shovel methods. It is delivered to the plant 
and crushed in such a manner that most effective leaching of its 
metallic constituents may be done. 3 The crushed ore is charged 
into large concrete leaching vats or tanks. Sometimes the ore is 
charged into leaching solution already in the tank, and sometimes 
the solution is introduced into the vat after part or all of the ore 
has been charged. An attempt is made to have the operation of 
ore charging and filling of the tank with solution finish at the 

2 The Leaching Process at Chuquicamata, Chile, Trans. Am. Inst. Mining 
Met. Engrs 186 (1930). 

3 Campbell, Chile Exploration Co., Chuquicamata Reduction Plant, 
Trans . Am. Inst. Mining Met. Engrs., 106 , 559 (1933), 
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same time, so that a maximum soaking period of the ore in 
the leaching solution may be obtained. At the Chile plant the 
smaller tanks have an average change of about 10,600 short tons 
of ore and the larger ones about 11,950. 

The leaching operation takes place in two stages. In the first 
the copper is dissolved from the ore. The second stage consists 
of washing or displacing from the leached ore the dissolved values 
or water-soluble copper that remain. The first stage consists of a 
countercurrent treatment by two solutions. The first solution 
on the ore is introduced from the bottom of the vat and percolates 
upward until the ore is saturated and covered with liquor. This 
so-called treatment solution is normally relatively low in copper 
and high in free acid. After a soaking period, this solution or a 
portion of the amount originally used in covering the ore is 
drawn off at the bottom of the tank. It has been enriched in 
copper and its acidity reduced due to the formation of CuSC> 4 . 
It is now termed “strong solution.” As it is withdrawn from 
the leaching tank, it is displaced by spent electrolyte from the 
tank house at a rate sufficient to keep the ore in the leaching vat 
covered. The spent electrolyte is low in copper and high in free 
acid. It may be defined as strong solution which, after partial 
electrodeposition of its copper content, is returned to the leaching 
plant for reenrichment. Its copper content is normally about 
15 g. per 1. The process of withdrawal of strong solution is 
interrupted after a time and the ore allowed to soak, after which 
period more strong or enriched solution is produced, being dis- 
placed as before by spent electrolyte. A number of such soaking 
periods may occur in the leaching treatment. Finally the ore is 
allowed to soak in the displacing solutions until it is necessary to 
wash, the solutions produced during the first part of washing 
being used in the treatment of another charge of ore. All 
solutions except those used in first covering the ore are put on 
top of the vat, and the solutions they displace are withdrawn at 
the bottom. The solutions produced at the start of the process of 
washing the ore are termed “treatment solutions” and are used 
for the treatment of unleached or partially leached ore. 

Strong solution, resulting from the leaching of the ore, is high 
in copper, low in acid, and is sent to the tank house for electro- 
deposition of part of the copper content. Its metal and acid 
content depend upon the constituents of the ore treated, the 
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soaking periods, the content of the solutions from which the 
strong solution was produced, and the order of the batch in 
production. Batches of strong solution from one charge are 
mixed with those from other charges before they are sent to the 
tank house via the dechloridizing plant. In this manner an even 
grade of solution results, averaging about 35 g. per 1. of copper. 


Cu in Grams perLiter 
0 10 20 30 40 SO 60 



H 1 S0 4 in Grams per Lifer 
10 20 30 40 50 60 TO 80 


Origina /coven ng solution. kvg. ^5336 cu.m.af/6-13 gramls per IT 
If ter Cu anal 65.58 grams per /Iter tf 2 S0 4 . Put on are in about SS/rrM 
Usual treatment hut may be strong (as pre- treatment) or<££. 

\/st. Soaking interval Avg. duration 24141m 

' 1st Strong produced avail IS cumcrt 
5295 Cu mi H 2 S0 4 proauced/n285hr 4 

%kSfrvi&pmcfoceUaw.BMcvjncifS424Cu Ic.4SS2H z S(l t produceaf inZSShjt 
' SrJ.usedd/splocing'tnd strong t avg^ 2208 cu.m, at !4S4Cu ) i ; 

.and 77 .58 H z SV 4 . /s spen t electro lyte » / ~T~ 

-pi. ^nd Interruption. Avg. duration _ 

_ j*3d St rang produced o/g. 1143 cum. at 19.27 Cu and 70.43 H 2 50 4 . Produced in 5.21 hN* 
\\Soiu5ed displacing 5rd strong Avg. 2243 cu.m, at 14.46 Cu and 7770 ft z S0 4 ./sS.Et]~ J~ * 
^-Last soaking. Interval. Avg. duraf7onW.25hn\ "T" 

"Treatment produced. Avg. 5566 cum.afI5.2tQ/ 6450, fySOj 44 = 

, -A H 2nd & 5rd. dash solutions displacing treatment)! - * * I 
Wq 7 flli and advance and discard yi 

/ -• -I - 4 = | a s — No interruption - - ■ - 


J Advance and discard produced. Avg. 996 cum. \ _ 

3I69Jt 2 lCl. Ij j— 



Fig. 68. — Behavior of strong solution during production. 


Eichrodt 4 has summed up the behavior of strong solutions dur- 
ing production in Fig. 68, describing the results shown in the 
curves as follows: 


The contents of the first strong is practically constant until 53 per 
cent of the volume covering and saturating the ore has been produced. 
At this point the copper content of the solution commences to drop, 
because the displacing solution is coming through the charge mixed with 
the enriched solution faster than it is dissolving copper from the ore. 
After the interruption, the second strong starts off with a copper content 
a little higher than the finish of the first strong, but this content drops 
off rapidly, since the values in the solution on the charge appear to 
remain dispersed after the production of the first strong. There is also a 
slight pick-up at the start of producing third strong and at the start of 


4 Loc. cit . 
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the treatment, and both of these solutions appear to have been on the 
charge in layers with the strongest solution at the bottom of the vat. 
The drop in the value of the copper in the third strong becomes more 
gradual as this value approaches that in the spent electrolyte. This 
strong is interrupted when the copper content reaches 18 g. per liter, 
which results in the subsequent production of a treatment solution of 
about the same copper content as spent electrolyte. It can be seen that 
after the production of second strong, the process is practically a dis- 
placing or dil uting of the enriched solutions, or a washing process. 

Electrolyte and Leach Liquors. — Before electrolysis the leach- 
ing liquors are dechloridized by agitation with cement copper for 
the production of insoluble CuCl. At the same time the ferric 
salts are reduced by the copper. Table XL gives the analysis 
of strong solution from the leach plant when sent to the dechlori- 
dizing plant, after dechloridizing when it is sent to the tank house, 


Table XL 



Cu, g. 
per 
liter 

H 2 SO 4 , 
g. per 
liter 

Cl, g. 
per 
liter 

Total 
Fe, g. 
per liter 

Ferric 
Fe, g- 

per liter 

Strong solution from leach plant 
to dechloridizing plant 

35.39 

47.85 

0.59 

4.60 

x.37 

Strong solution from dechlori- 
dizing plant to tank house. . . 

36.19 

46.09 

0.13 

4.62 

0.01 

Spent electrolyte returned tank 
house to leaching plant 

14.44 

78.54 

0.21 

4.60 

1.13 


and the spent electrolyte returned to the leaching plant. Spent 


electrolyte is 

a very complex solution, as 

shown by the 

typical 

composite analysis: 






Grams 


Grams 


Grams 


per 


per 


per 


liter 


liter 


liter 

Cu 

14.44 

A1 

. . . 1.75 

K 

2.30 

Acid 

78.54 

As 

. . . 0.242 

Pb 

0.011 

Cl 

0.21 

Sb 

. . . 0.009 

Sn 

0.004 

Fe 

4.60 

Ca 

. . . 0.475 

Mn 

0.135 

S0 4 

, 144.83 

Mg 

. .. 0.147 

Mo 

0.248 

HNO3 

3.12 

Na 

. . . 6.74 

Total solids. 

197.78 


With the continued leaching, the concentration of iron, HN0 3 , 
and molybdenum in the leaching liquors will build up. To 
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diminish this and control it, portions of the electrolyte are dis- 
carded either continuously in small amounts or at regular inter- 
vals. As the result, a certain amount of total available acid 



Fig. 69 . — Flow sheet of electrolytic tank hous 


concentration is sacrificed. At the Chile planl 
practicable to control the constituents of the pri 
system by solution discard alone and without t] 


b € 

uti 

)n 
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1 These grades of ore do not represent the average percentages of copper in the ore as treated, They apply to ore leached during a period of low production, when excess leaching 
capacity allows the treatment of ore below the normal grade. The average grade of ore treated during the year 1937 was 1.671 per cent total copper. 



Table XLI. — Electro winning of Copper. — ( Continued ) 
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i This plant is not in operation, 
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H 2 SO 4 , in that the ore furnishes acid-forming constituents. 
Operating data for the leaching and electrolytic deposition of 
copper are given in Table XLI. 

Metal Precipitation. — The electrolytic precipitation of the 
copper is done in a plant which is quite similar to a copper 
refinery, save that insoluble anodes are used. The insoluble 
Chilex anode consists essentially of an alloy of copper, silicon, 
iron, and lead with small amounts of tin and other metals. The 
anodes are cast in a five-bar grid form. Another portion of the 
plant uses antimony-lead anodes. The flow sheet of the electro- 
lytic tank house shown in Fig. 69 is much more complex than 
that of a copper refinery . 5 The starting sheets may be made 
either from strong electrolyte with insoluble anodes or from 
soluble copper anodes in the same manner as in the copper 
refinery. Cathodes are produced from the electrolytes that are 
reduced in copper content and increased in acidity during the 
operation for return to the leaching plant, as well as from spent 
or discarded solutions where the cathodes are produced as the 
result of plating down. Cement copper is produced in the final 
metal recovery from waste electrolyte. The marketable copper 
produced from the deposition tanks runs 99.96 per cent Cu and 
shows a conductivity on the International standard of 98.7 for 
the hard copper and 100.9 for the annealed. 

Ore Leaching at Inspiration. — At the Chile Copper Company 
plant, the leaching solution is practically one of H2SO4 which is 
without effect on the sulphide content of the ore. At the plant 
of the Inspiration Consolidated Copper Company at Inspiration, 
Ariz ., 6 mixed oxide and sulphide copper ores were leached by 
ferric sulphate solutions. A deliberate effort was made to main- 
tain the ferric-sulphate concentration in the leaching solution at a 
point high enough to dissolve the large amount of copper con- 
tained in the ore as chalcocite (Cu 2 S). This necessitated carry- 
ing a high percentage of total iron in solution, even though a high 
concentration of ferric sulphate is disadvantageous to high cur- 
rent efficiencies in the tank house. A balance was maintained 
between the necessary strength of ferric sulphate for copper 
sulphide extraction and the loss of current efficiency in the tank 

5 Campbell, Trans . Am. Inst. Mining Met. Engrs., 106 , 559 ( 1933 ). 

6 Eng. Mining J 128 , 612 ( 1929 ); Aldrich and Scott, Trans. Am. 
Inst. Mining Met. Engrs., 106 , 650 ( 1933 ). 
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house by manipulation of solutions and their concentration. 
General practice has been to hold the average concentration of the 
ferric sulphate at 7.5 g. per L, between a maximum of 10 and a 
minimum of 5 g. per 1. The consumption of ferric sulphate in 
the leaching solutions is approximately the theoretical amount 
required for dissolving the sulphide copper. Inasmuch as the 
sulphide in the ore dissolves slowly in the ferric sulphate solution 
at about half the rate of the oxide copper, a dual process was 
developed. By this method the total iron was carried at about 
7 g. per 1., and most of the oxide was leached from the ore with 
about 30 per cent of the sulphide copper. The remaining 



Pig. 70. — General view of leaching plant at Inspiration. ( Courtesy Engineering 

and Mining Journal.) 


sulphide was recovered by flotation. Operating details on 
the plant for both leaching and tank-house sections are given in 
Table XLI. 

The electrolytic copper from the tank house runs 99.66 per cent 
Cu, 0.017 per cent Fe, 0.016 per cent Pb, 0.012 per cent S, and 
0.045 oz. Ag per ton, with traces of Se, Te, Cl, Zn, Ni, Co, Sn, and 
Au. At c.d. of the order of 11 to 12 amp. per sq. ft. (1.2 to 
1.3 amp. per dm. 2 ) cathode efficiencies are about 65 per cent 
and anode efficiencies of the order of 45 per cent. A general 
view of the plant at Inspiration is shown in Fig. 70 where the 
leaching tanks can be seen in the background. 

Handling of large tonnages of low-grade copper ore is only 
feasible with extensive mechanical equipment. Figure 71 shows 
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one of the excavators and spreaders at Inspiration and Fig. 72 an 
ore-reclaiming machine of the type commonly used. 

Ore Leac hin g at New Cornelia.— At the New Cornelia Mines 
of the Calumet and Arizona Mining Company at A jo, Ariz., 



Fig. 71. — Excavator and spreader at Inspiration. {Courtesy Engineering and 

Mining Journal.) 



Fig. 72. — Ore-reclaiming machine. {Courtesy Robins Conveying Belt Company.) 


mixed oxide-sulphide ores were leached by solutions of H 2 S0 4 
and ferric sulphate. The sulphide-copper minerals consisted 
chiefly of chalcopyrite (CuFeS 2 ), bornite (Cu 5 FeS 4 ), with small 
amounts of chalcocite (CU 2 S), while the predominating oxidized- 
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copper mineral was malachite [CuC 03 *Cu( 0 H) 2 ] with varying 
proportions of the oxides and silicates of copper. The ferric iron 
in the electrolyte was controlled by reduction with S0 2 gas or by 
the use of cement copper. Starting sheets were manufactured 
with lead blanks, and the copper in discard solutions was recov- 
ered by cementation with scrap iron. The ore showed the 
following analysis. 7 



Per 


Per 


cent 


cent 

Cu total 

1.13 

Ferric iron 

1.30 

Acid soluble 

1.00 

Ferrous iron 

3.35 

Sulphide 

0.13 

AI2O3 

15.33 

h 2 o 

1.05 

CaO and MgO 

1.81 

SiOs 

64.40 

Na 2 0 and K a O 

5.25 

Fe, total 

4.65 

S 

0.10 


Ag 0.091 oz. per ton 

Au .... 0 . 006 oz. per ton 


A typical electrolyte analysis is given in Table XLII and that 
of the copper produced in Table XLIII. General operating 
data have been assembled in Table XLI. From 80 to 85 per 
cent of copper content of the ore was recovered. 


Table XLII. — Analysis of Electrolyte 



Per 


Per 


cent 


cent 

Cu 

2.64 

Cl 

0.012 

Combined H 3 S0 4 

14.23 

AI 2 O 3 

1.51 

Free H 2 S0 4 

1.69 

CaO and MgO 

0.85 

Total Fe 

1.44 

As and Sb 

0.00 

Ferric Fe 

0.08 

Zn and Te 

trace 


Table XXIII. — Analysis of Cathode Copper 

Ter cent 


Cu 99.201 

H 2 S0 4 0.312 

Cl 0.157 

A1 2 0 3 and FeaO. { 0.113 

Insoluble 0.125 

As and Sb 0.000 


Wheeler and Eagle 8 described the development of the leaching 
operations of the Union Miniere du Haut Katanga, where oxi- 

1 l\S. Bur. Mines , Circ. 6303, July, 1930. 
s Trans. Am. Inst . Mining Met. Engrs ., 106, 609 (1933). 
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dized oi'es with malachite predominating, with minor amounts of 
azurite, chrysocolla, cuprite, native copper, and small amounts 
of sulphides, were treated with leaching solutions of the H 2 SO 4 
type. The copper mineral was mostly siliceous in character. 
The nature of the ore was such that it was not amenable to 
percolation leaching but solution by agitation was employed. 
The operating details of the plant are given in Table XLI. 

Callaway and Koepel 9 described the metallurgical plant of 
the Andes Copper Mining Co. at Potrerillos, Chile, where both 
sulphide and oxide copper are treated. These, however, are 
separate, and there is no mixed ore. The oxide ore is treated by 
leaching with H 2 SO 4 , which in turn is produced as the result of 
roasting of sulphide concentrates. Leaching is done in vats with 
the usual countercurrent washing. The vats are of reinforced 
concrete and the strong solution produced by leaching runs 
approximately 41 g. per 1. Cu, 14 g. per 1. H 2 SO 4 , and 7.6 g. per 
1. Fe. The total copper extraction is of the order of 89.7 per 
cent, while 91.3 per cent of the oxide copper is recovered, giving 
an over-all figure of 24.57 lb. of copper dissolved per ton of ore 
treated. Operating data on the plant are given in Table XLI. 

ZINC 

The commercial application of hydrometallurgy and the elec- 
trolytic deposition of zinc has been only of recent development, 
being an uphill fight against its strongly intrenched competitor, 
pyrometallurgy and zinc distillation. The latter method, how- 
ever, has the severe disadvantages of entailing relatively large 
losses of metal, fume-handling problems, limitations of equip- 
ment as to size, with heavy repair and maintenance charges on 
the retorts employed, and relatively high necessary labor attend- 
ance. For many years zinc electro winning (involving leaching 
of roasted ore and ore concentrates, followed by electrolytic 
deposition of the zinc content of the liquors with insoluble anodes) 
achieved only slight success and then only in certain localities 
where conditions were especially favorable. Some of the reasons 
were that a high power consumption was required to deposit the 
very base metal — zinc— from an aqueous solution, using an 
insoluble anode. Difficulties were encountered in obtaining 

9 Trans. Am. Inst. Mining Met. Engrs., 106, 678 (1933). 
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satisfactory cathodic deposits and in finding suitable anode 
material. In addition the technical details of the production 
of pure electrolytes of constant definite composition were met, 
coupled with a lack of market demand for a particularly pure 
electrolytic zinc. Market demands have changed, especially 
from the brass industry which is desirous of obtaining high-grade 
zinc, free from lead and iron. Vast quantities of complex zinc 
ores were available which were not readily amenable to pyro- 
metallurgical methods but in the treatment of which, leaching 
processes, coupled with electrolytic deposition, had particular 
advantages. In addition the subsidiary metals could be com- 
pletely recovered. The success of copper electro winning working 
on low-grade ores offered considerable impetus to the develop- 
ment of a somewhat analogous zinc electrowinning. 

Electrolytic zinc plants are now operating on a very large scale 
in a number of places in the world. In general, the processes 
employed all involve H 2 S0 4 and the production of ZnSCL elec- 
trolytes, which can be divided into those termed low acid low 
c.d., such as employed by the Anaconda Copper Mining Com- 
pany at their Great Falls and Anaconda, Mont., plants, by 
the Consolidated Mining and Smelting Company at Trail, 
B.C., the Hudson Bay Mining and Smelting Co., Ltd., at 
Flin Flon, Manitoba, Can., and the Electrolytic Zinc Co. of Aus- 
tralasia, Ltd., at Risdon, Tasmania; and the high-acid high-c.d. 
plants, an example of which is the electrolytic zinc plant of the 
Sullivan Mining Company near Kellogg, Idaho. An adaptation 
of the latter has been made in connection with electrogalvanizing 
where leach liquors are employed as the source of zinc to be 
applied to articles of iron, particularly wire. The two 
processes will be discussed in considerable detail with specific 
examples of each. 

Low-acid, Low -current-density Process . 10 — The ores treated 
at the Great Falls and Anaconda plants are of the complex zinc- 
lead-copper-iron sulphide type, an example of which is given in 
the analysis: Zn over 55 per cent, Pb 3 to 4 per cent, Fe 4 to 
5 per cent, Cu about 0.5 per cent, and insoluble 3 to 4 per cent. 
These ores after roasting contain about 60 per cent Zn (92 to 
95 per cent of which is acid soluble) and about 3 per cent S, of 

10 Laist, Frick, Elton, and Caples, Trans. Am. Inst. Mining Met. Engrs ., 
64 , 699 (1921); Wiggin and Caples, Eng. Mining J., 128 , 319 (1929). 
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which only 0.1 to 0.2 per cent is in the form, of sulphide, the 
balance of the sulphur being in the form of sulphates. 

In the roasting of concentrate containing 5 per cent iron or less, 
almost all the iron combines with zinc as Zn 0 *Fe 2 03 , which is 
nearly insoluble in dilute H 2 SO 4 . As the iron content increases 
above 5 per cent, the combination of zinc and iron oxides can be 
partly controlled by careful regulation of temperatures on the 
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various hearths of the roasting furnaces. The total sulphur 
content of the calcine produced is regulated by the acid require- 
ments of the plant, sulphide-sulphur content being kept at all 
times at 0.2 per cent or less. Acid losses are small, being chiefly 
as lead sulphate, basic iron sulphate, and entrained zinc sulphate 
in the residues discarded from the plant. 

The roasting furnaces are operated to convert the zinc sulphide 
in the ore to acid-soluble oxides and sulphates and at the same 
time produce S0 2 which is used for the manufacture of H 2 S0 4 
employed in leaching. 
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Ore Leaching. — The flow sheet of the plant is given in Fig. 73. 
In general the procedure is cyclic. Electrolyte from the cells, 
after the greater portion of the zinc content has been deposited, is 
used to leach untreated roasted ore, termed “calcine,” the solids 
and liquids being separated and the zinc-sulphate solution being 
purified by means of metallic zinc. Another portion of spent 
electrolyte is employed for a second leach of the resultant sands 
from the first treatment of ore by spent electrolyte, while still a 
third portion of the electrolyte is used to leach the residue from 
the second leaching, the resultant solutions traveling back to 
join the main bulk of the electrolyte in the original or neutral 
leach. Spent electrolyte from the solutions contains 10 to 11.5 
per cent H 2 SO 4 and about 2.5 per cent zinc. After the leaching 
treatment the liquor runs about 0.5 per cent H 2 SO 4 and 10 per 
cent zinc. 

Actual leaching operation is divided into three steps: (1) 
Neutral or purification leach; (2) acid or finishing leach; and (3) 
re treatment of residue from. (2). 

The first two leaching steps are continuous operations carried 
on in unlined Pachuca 11 tanks using compressed air for agitation. 
Residue leaching is a batch operation conducted in mechanically 
agitated wooden tanks. No lead-lined tanks are used for leach- 
ing, and no outside heat is supplied for leaching in the first and 
second steps. Solution going into the residue releaching oper- 
ation is heated before adding the residue. Elevators equipped 
with bronze buckets are used for elevating pulp. 

As less than 5 per cent of the iron contained in the calcine is 
soluble in the acid strength employed in the first and second 
leaching steps, scrap iron is dissolved in spent electrolyte and the 
resulting ferrous-sulphate solution is oxidized to ferric sulphate 
by MnC >2 and is added to the first, or neutral, leach step, as 
required for purification of solution for arsenic and antimony. 

To the neutral leach is added all the calcine but only a part 
of the acid (spent electrolyte), resulting in the presence of an 
excess of zinc oxide for precipitation of such impurities as iron, 
silica, alumina, arsenic, and antimony. The pulp from this 
leach goes to classifiers and thickeners, the thickener overflow 

11 A vertical, cylindrical, cone-bottomed tank provided with an air lift 
for agitating and aerating purposes. 
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going to purification tanks and the spigot product to the second, 
or acid, leach. Classifier sand goes to the acid leach tanks. 

Spent electrolyte is added to the second, or acid, leach in 
sufficient quantity to dissolve all uncombined zinc oxide in the 
residue from the first, or neutral, leach and to insure an excess 
of acid in the leach discharge, excess acid being provided to 
insure complete solution of free zinc oxide. The discharge from 
this leach goes to acid thickeners, the overflow being returned 
to the first or neutral leach and the spigot product delivered to 
filters. 

The undried filter cake is sent to mechanically agitated leaching 
tanks previously filled with hot, spent electrolyte. As the leach 
progresses, part of the zinc-iron compound is decomposed giving 
a solution rich in ferric sulphate and lowered in free acid. A 
further reaction between the ferric sulphate solution and zinc 
ferrite results in solution of the zinc oxide and precipitation of 
the iron as basic sulphate. While still acid, this leach is dis- 
charged to thickeners, the overflow going to the first, or neutral, 
leach and the spigot to a Moore filter, where the residue is 
washed nearly free of entrained zinc-sulphate solution. The 
pulp resulting from the Moore filter operation goes to Oliver 
filters for dewatering, and the Oliver cake goes to driers for partial 
drying before shipping to a lead smelter for the recovery of lead, 
silver, gold, and copper. 

Residue from the final filters contains 35 to 40 per cent moisture 
and is dried to about 15 per cent before shipment to the lead 
smelter. 

To sum up, in the first or neutral leach: (1) All the calcine 
enters the process, and approximately three-quarters of the 
soluble zinc is taken into solution. (2) The iron is oxidized and 
precipitated. (3) Gelatinous silica is coagulated by excess base 
and rendered granular. (4) The arsenic and antimony are 
completely precipitated. (5) Eighty per cent of the copper is 
precipitated as hydroxide by the excess base. This makes 
possible the cheap removal of most of the copper and supplies 
the iron for the removal of arsenic and antimony in the acid 
leach. (6) A large percentage of the zinc is separated from the 
residue and is contained in a clear settler overflow (along with 
20 per cent of the soluble copper and all the soluble cadmium) 
which goes to the purification plant. The settler spigot product 
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containing 3 parts of solids and 2 parts of solution is elevated to 
the acid leach. The only heat used in the process is that supplied 
by the chemical reactions and electric current in the tank room. 

The results of the acid-leaching system are: (1) solution of 
the remainder of the acid-soluble zinc and the copper, (2) final 
separation of the solids from the zinc and copper solutions, (3) 
roughing out of the copper and chlorine, (4) solution of sufficient 
iron to guarantee the removal of arsenic and antimony in the 
neutral leach step, (5) elimination of the arsenic and antimony 
which are only partly redissolved in dilute acid. About 10 per 
cent of the arsenic and antimony circulate in the acid thickener 
overflow. 

Metal Precipitation by Electrolysis. — Successful electrolytic 
deposition of zinc from a sulphate solution depends primarily 
upon the purity of the solution fed to the cells. Every effort 
is made in the leaching and purification plants to produce a 
solution entirely free from metals more noble than zinc. Mate- 
rials of construction are carefully selected to avoid contamination. 
The effect of a number of impurities on the electrodeposition 
of zinc from a sulphate solution has been carefully studied. 
While fairly accurate limits have been established for single 
impurities, comparatively little is known regarding the combined 
effect of these impurities in varying proportions. With pure 
solutions and noncontaminating materials in contact with the 
solution, high current efficiency is consistently obtained; but 
with either impure solution or contaminating materials the 
results are erratic. Therefore the highest possible standard of 
purity is maintained. 

The Great Falls electrolyzing division is divided into eight 
electrical circuits of 144 cells each, arranged in cascades of 6 cells 
each. Current from a rotary converter having a capacity of 
10,000 amp. at 580 volts supplies each circuit, or unit. The 
Anaconda plant has four such units, each connected to a motor- 
generator set on the same capacity as the Great Falls rotary 
converters. The motor-generator sets were preferred at the 
Anaconda plant because of their greater stability under the 
electrical conditions there, this factor being considered sufficient 
to offset their small loss in conversion efficiency compared to the 
rotary converters. The general data on this plant are given in 
Table XLIV. 



Table XLIV.— Electrowinning op Zinc 


308 


ELECTROLYTICS 




Anode spacing, in 3 3 Unts 1-3, 4; unit 4, 

3.75; 10-ton plant 


ELECTROWINNING 


309 




310 


ELECTROLYTICS 


Spacing of electrodes is 3 in. center to center of anodes. Cur- 
rent density is 30 amp. per sq. ft. (3.2 amp. per dm. 2 ) of cathode 
area. 

The solution is distributed from storage tanks through lead 
pipe lines to individual cascades of cells and is taken from header 
lines through iron pipes to the individual cells. Flow to each cell 
is so regulated as to maintain a practically constant acid and 
zinc concentration in each cell. The electrical resistance of the 
electrolyte is taken to determine the acid strength, readings so 
obtained being occasionally checked against a standard chemical 
method. The feed to the cells averages approximately 110 g. of 
zinc per liter, while the cell discharge averages about 105 g. 
of H 2 S0 4 per liter. Spent electrolyte is collected by a system of 
launders 12 and delivered to storage tanks, from which solution 
is drawn as needed for the leaching plant and purification residue 
re-treatment plant. 

The cells are cooled by circulating water through a lead coil 
placed in each cell. Cell temperatures vary from 37 to 41°C., 
depending upon atmospheric and cooling-water temperatures. 
From 8,000 to 15,000 gal. of water per ton of cathodes produced 
is used for cooling purposes. 

Effect of Electrolyte Impurities. — The effect of metallic impuri- 
ties in practice has been summed up by Laist. 13 Antimony is 
most harmful and even when 1 mg. per liter is present in the elec- 
trolyte, sprouts develop on the cathode and current efficiency 
is lowered. The electrolyte should be so free from antimony 
that the element is not detectable. Arsenic and cobalt are nearly 
as dangerous in that 1 mg. per liter of arsenic causes rough 
deposits. As little as 1 mg. per liter of cobalt produces corrosion 
holes in the deposited zinc, and when larger apaounts of cobalt are 
present, honeycombing develops. Copper up' to 10 mg. per liter 
has little effect. Larger amounts aid the formation of zinc 
holes and cathodic corrosion, as well as intensify the bad effect of 
any antimony or arsenic. The deposition of iron impurities is 
retarded, but the presence of iron in quantities greater than 20 to 
30 mg. per liter decreases the current efficiency due to the alter- 
nate oxidation of ferrous and the reduction of ferric ions. Lead 

12 An open trough or channel. 

13 Laist; Fbick, Elton, and Caples, Trans. Am. Inst. Mining Met. 
Engrs 64, 699 (1921), 



ELECTROWINNING 


311 


is probably not harmful at the concentrations reached in 
solutions, and cadmium does not affect the character of the 
deposit unless present in concentrations greater than 500 mg. per 
liter; but for the production of cadmium-free zinc the concentra- 
tion should be below 50 mg. per liter. By itself manganese is not 
harmful but appears to emphasize the bad effect of other impuri- 
ties. It is deposited as MnO a on the anode and its concentration 
in the electrolyte is best kept below 350 mg. per liter. Metals 
more noble than zinc must be absent to allow the production of 
good cathodic deposits. 

Tainton and Clayton 14 found that in the electrolysis of zinc 
sulphate solutions derived from the leaching of roasted Joplin 
concentrate, violent fluctuations of current efficiency occurred, 
zinc deposits showed a great tendency to redissolve, and some- 
times no zinc was deposited at all. The ordinary impurities 
such as antimony, cobalt, nickel, and arsenic, which are known 
to produce such effects, had been removed so that the influence 
of some other element in the solution was suspected. This 
proved to be germanium, which is found to cause serious loss in 
efficiency at concentrations as low as 1 mg. per liter. Experi- 
ments showed that treatment of the solution with precipitated 
ferric hydroxide removed the germanium. Normally the ores 
contain sufficient iron to prevent this element from entering the 
solution, but some of the Joplin ores are very low in iron and 
apparently high in germanium. The trouble was remedied by 
starting with a mixture of concentrates containing a sufficient 
total proportion of iron to effect complete removal of germanium. 

Combination Leaching. — At the Trail plant of the Consolidated 
Mining and Smelting Co., treatment of complex zinc concen- 
trates involves suspension roasting, leaching and purification, 
electrolysis, melting, and cadmium recovery. 15 This is referred 
to as the “sulphide leaching. ” Another portion of the plant, 
termed the “oxide leaching section, ” treats zinc fume obtained 
from slag-fuming operations at the lead smelter. The purified 
leach liquors from both the sulphide and oxide plants become 
the electrolyte for the tank room. Operating data are given in 
Table XLIV. 

14 Trans. Am. Electrochern. Soc ., 57, 279 (1930); Chemistry and Industry 
(London), 49, 718 (1930). 

15 Huttl, Eng. Mining J 139, 42 (1938). 
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Carr and Reikie 16 have described the Flin Flon plant of the 
Hudson Bay Mining and Smelting Company, Ltd., which uses 
the low-density method where the zinc is carried through the 
plant solution circuit in the form of a sulphate at a concentration 
not exceeding 175 g. per L of zinc. The leaching plant operates 
in such a manner that there is a neutral leach, purification, an 
acid leach, and cadmium concentration. In the tank room 
anode-cathode spacing is maintained by the use of threaded lead 
studs inserted near the bottom of each lower corner of each 
anode, to which studs, porcelain buttons similar to door knobs are 
screwed on both sides. The cathodes are held in place between 
the buttons of adjacent anodes. Purer zinc is produced as the 
result of the decrease of the transfer of lead from the anodes 
to the cathodes, as well as the maintenance of better alignment. 
Lead-alloy and silver-lead anodes are used. Operating data 
for the plant are given in Table XLIV. 

High -acid, High-current-density Process . 17 — The electrolytic 
zinc plant of the Sullivan Mining Company located near Kellogg, 
Idaho, was erected to treat the zinc-bearing ores of the Coeur 
d’Alene district. These ores cannot be classed as particularly 
favorable for electrolytic treatment, inasmuch as they tend to 
form an unusually large amount of insoluble zinc ferrite in the 
roast, and yield appreciable quantities of gelatinous silica in the 
leaching operation. Furthermore, they contain relatively large 
amounts of cobalt, which is one of the most troublesome impuri- 
ties from the standpoint of electrolytic zinc treatment. This 
plant employs the Tainton high-acid process, in which the return 
electrolyte used for leaching carries 28 to 30 per cent free acid, 
and the electrolysis is carried out at a c.d. of 100 amp. per sq. ft. 
(10 amp. per dm. 2 ), both of these amounts being about three 
times as great as the corresponding figures in ordinary electro- 
lytic zinc practice. 

Ore Roasting and Leaching. — An important difference between 
the leaching processes employed at Great Falls, Anaconda, and 
Trail and that employed at the Sullivan plant is found in the 
method of treating the ore during roasting. At first glance the 

16 Can. Inst. Mining Met., 1935, p. 287. 

17 Tainton and Leyson, Trans. Am. Inst. Mining Met. Engrs 70 , 486 
(1924); Tainton and Clayton, Trans. Am. Eleetrochern. Soc 57, 279 (1930) • 
Tainton and Bosqui, ibid., 57 , 241 (1930). 
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fundamental reactions involved in the leaching of zinc ores 
appear to be simple. Zinc sulphide may be completely oxidized 
without difficulty. Zinc oxide is totally soluble in H2SO4, even 
in hot ZnS0 4 solution. In practice, however, unaccountable 
difficulties appeared in the first plants in obtaining complete 
solution of the zinc and in separating the solution from the 
residue. Investigation proved that during the roast, ferric oxide 
and zinc oxide combined to some extent to form zinc ferrite, 
ZnOFe 2 0 3 , insoluble in dilute acids. Furthermore, treatment 
of a roasted zinc ore with acid mil dissolve a certain quantity 
of the iron and silica content. When the acid is later neutralized 
by continued addition of roasted ore, the iron and silica are 
precipitated in the form of hydrated ferric oxide and gelatinous 
silica. These substances will markedly lower the filtration rate 
and may even make it impossible to separate the solution from 
the ore. As a result, the residues from the modem electrolytic 
zinc plant ordinarily carry 12 to 20 per cent of zinc, the average 
being nearer the higher figure. 

It has been previously pointed out that solutions as pure as 
possible are necessary for electrolytes. The increasing com- 
plexity of the flow sheet of a modem electrolytic plant emphasizes 
the importance of obtaining pure electrolytes on the one hand 
and at the same time obtaining a high extraction of zinc from 
the ores. If the residue going out of the plant has been treated 
with a solvent sufficiently active to make a high extraction of 
the zinc values, other constituents of the ore must also have been 
taken into solution and must be eliminated before the solution 
can be used for electrolysis. 

The double-leaching method as practiced at Great Falls is one 
way out of the difficulty. The residues going out of the plant 
are finished in acid solution. By separating this solution and 
neutralizing it with an excess of roasted ore, many other con- 
stituents are precipitated. This basic solution is then separated 
and goes forward to precipitation. The solids, containing an 
excess of calcine, are treated with the acid solution before going 
out of the plant. 

Although effective in extracting zinc oxide, the double-treat- 
ment system cannot be employed to break up zinc ferrite. 
Effort at the zinc plant has therefore been centered upon obtain- 
ing as much of the zinc as possible in oxide form. The most 
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effective method, and the one which has been generally adopted, 
is to keep iron out of the zinc concentrate. 

In the Tainton process, zinc ferrite is separated magnetically 
from the calcine, and in the leaching process is first added to a 
strongly acid solution resulting from stripping the electrolyte in 
the deposition cells, the neutralization of the acid being then 
completed by the use of the zinc oxide portion of the calcine, 
free from 'ferrite. With the allowable production of zinc ferrite 
in the calcine, less close control on roasting is necessary than is 
needed for the usual type of leaching of zinc ores. 

By the use of high-acid concentration, Tainton claims the following 
advantages: 

1. It permits the treatment of zinc ferrite, which is ordinarily an obstacle 
in the treatment of low-grade ferruginous concentrates, and enables the 
roasters to be operated at high capacity. 

2. It increases the percentage extraction of both zinc and copper, and 
reduces the amount of zinc in the residues, thereby lowering residue smelting 
costs. 

3. It brings about the solution (and subsequent precipitation) of a large 
quantity of iron in the leach, and thus thoroughly purifies the solution from 
arsenic and antimony. 

4. It improves filtration and permits the treatment of ores high in soluble 
silicates which, in low-acid work, would give trouble in filtration from gelat- 
inous silica. 

5. It allows the treatment of ores containing large quantities of cobalt 
or nickel without the addition of any extra step in the flow sheet. 

6. It reduces the quantity of pulp to be agitated and filtered, and the 
volume of solution to be stored and purified. 

In starting a charge, return electrolyte which has been heated 
to 60°C. is pumped into an agitator tank. A charge of ferrite 
is then put in, a quantity of M 11 O 2 added to oxidize the iron, and 
the tank allowed to agitate for 1 hr. to decompose the zinc 
ferrite. The feeder of the oxide bin is then started and addition 
continued until all the iron is precipitated, as shown by a test 
with thiocyanate spot paper. Before the reaction is completed, 
the pulp reaches boiling temperature, with the evaporation 
of an appreciable quantity of water. Stacks are provided to 
take care of the steam evolved- When the charge is neutral- 
ized, the pulp is dropped into a storage tank of the same size 
as the agitators, from which it feeds to filters. A charge of 
pulp is dropped into a filter, the solution separated and the 
cake washed with water, after which the residue is repulped 
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in the filter and sent to a thickener. Prom this thickener the 
residue feeds to a filter and thence to a drier, which reduces the 
moisture to a point where the residue is easily handled for 
shipment. Overflow from the thickener is not used as wash 
water but is returned for repulping a fresh charge. The washing 
in the filter is so complete that the amount of soluble zinc in the 
repulping water is unimportant. Figure 74 shows the filter-press 
section for electrolyte purification. 

Solution from the filters goes into the purification system to 
eliminate copper, cadmium, and cobalt. This is done in mechan- 



Fig. 74. — Filter presses handling purified pulp solution from tanks. ( Courtesy 
Engineering and Mining Journal.) 


ical agitator tanks 22 ft. in diameter and 12 ft. deep, holding 
enough solution for the production of 28 tons of zinc at a single 
charge. The solution is agitated with zinc dust at a temperature 
of 80°C. The metals are completely precipitated, so that the 
purified solution usually contains less than 5 mg. per 1. of 
cadmium and copper and less than 2 mg. of cobalt. After pre- 
cipitation of the metals, the residue is passed by means of centrif- 
ugal pumps through filter presses. After filtration the solution 
goes to storage tanks known as “check tanks,’ ’ each of 250 tons 
capacity. Each lot of solution is checked by the laboratory 
before being pumped over to the neutral storage tanks, whence it 




316 


ELECTROLYTICS 


feeds to the cell circuit. Great care is taken to avoid introducing 
an impure solution into the electrolytic circuit where it would 
lower the grade of zinc produced and possibly give trouble in 
electrolysis. 

Electrolytic Plant. — In the electrolytic division there are two 
circuits, each of 4,000-kw. capacity and each supplied by a motor- 
generator set giving 8,000 amp. at 500 volts on the d.c. side. 
There are 150 cells in a circuit, each taking 8,000 amp. Each 
cell contains 10 cathodes having a submerged area of 4 sq. ft. 
on each side and taking 800 amp. in normal operation. The 
cathodes are of commercial aluminum sheet having an aluminum 
conductor bar welded at the upper end. Current is led into the 
conductor bar through a spring clip at the side of the cell, the 
end of the bar being copper-plated to provide good contact. 
This type of construction has proved superior to that previously 
used with a copper bar riveted to the aluminum plate. 

The cathodes slide in grooved wooden guides fixed in the cell 
with a wooden framework. The framework also holds the 
anodes in fixed position and at a definite spacing from the 
cathode face. Two anodes are placed between each two cathodes, 
the anodes being perforated below the solution line to permit free 
circulation of the electrolyte, to reduce the terminal voltage, and 
to lessen the acid spray in the air. During operation solution 
is circulated to all cells in parallel from a feed launder directly 
over the center of each cell. The solution passes through a hard- 
rubber pipe to the center of the cell, overflowing through hard- 
rubber pipes at each end to a sump below. From here it flows 
through a thickener for the recovery of Mn0 2 , the overflow pass- 
ing to a storage tank termed the “balance tank,” which is used to 
keep the circuit in balance when adding or withdrawing solution. 
From this tank hard-lead pumps send the solution through a 
system of cooling coils and back to the electrolytic cells. Figure 
75 shows banks of lead cooling coils around which the electrolyte 
circulates for cooling to the working temperature of the electro- 
lytic cells. The speed of circulation is so regulated that the 
entire volume of solution passes around the circuit once every 
hour and a half, thus maintaining uniform composition in the 
cells and constant conditions for electrolysis. 

Solution enters the cell circuit in batches about once every 
24 hr. This reduces the acid strength in the circuit from about 
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28 to 22 per cent, which is the normal range of electrolysis. 
When the acid has risen to the proper point, a batch is withdrawn 
from the circuit and pumped up to the acid storage tanks. A 
corresponding quantity of neutral solution is then dropped in 
order to bring the volume of the circuit up to normal. 

Manganese dioxide precipitated during electrolysis is pumped 
as a sludge from the manganese thickener, filtered, washed, and 
prepared for market. 

An interesting problem arose in the electrolytic division regard- 
ing the best type of cooling system. Deposits formed on any 



Fig. 75. — Electrolyte cooling system of lead coils. ( Courtesy Engineering and 

Mining Journal.') 


cold surface that was used for cooling purposes and were mechan- 
ically removed at intervals. In the present plant the cooling 
system consists of several long boxes 4 ft. square down which 
the solution flows. Flat lead coils are set transversely across 
these boxes, carrying cool water in the direction opposite to the 
solution flow. To prevent the formation of deposits on these 
coils, lead grids are placed between the coils, provision being 
made to connect the entire system in series with the cell circuit, 
so that 8,000 amp. can be passed through the solution from the 
grids to the coils, the coils being the cathodes. This operation, 
performed at short intervals, plates a thin film of zinc on the 
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coils. As the coating dissolves, hydrogen is evolved and any 
scale adhering to the coil is broken away. The efficiency of the 
cooling system is thus maintained at its maximum. 

In general, the low-acid low-c.d. process shows higher cur- 
rent efficiency than does the high acid high c.d. By far the 


Fig. 76- 


-A row of electrolytic zinc cells. (Courtesy Engineering and Mining 
Journal.) 


greater portion of electrolytic zinc is produced by the former 
method. Manganese dioxide and cadmium are by-products of 
both processes. Comparative operating data on two low-acid, 
low-c.d. and two high-acid, high-c.d. plants are given in Table 
XLIV. Figure 76 shows a row of electrolytic zinc cells at the 
Sullivan refinery. 


CADMIUM 

Cadmium is found in very small quantities in most ores. It 
can be profitably produced only as a by-product in the mamifae- 
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ture of some other metal. An important source of raw material 
is the baghouse condensation products from lead and copper 
furnaces, from which cadmium can be recovered electrolytically. 
Zinc ores and blue powder constitute another source of the metal 
through fractional distillation. 

At the Kennett, Calif., plant of the United States Smelting, 
Refining and Mining Company , 18 the raw material was a bag- 
house condensation product from copper furnaces running 0.55 
per cent cadmium, 19 per cent zinc, 6.6 per cent arsenic, with 
appreciable amounts of Te, Se, Co, Ni, Tl, and of the more 
commercial metals su.ch as Cu, Au, Ag, Bi, and Pb. This raw 
material was treated for the recovery of zinc by the electrolysis 
of a sulphate solution. A H 2 S0 4 leach gave a solution of the 
following composition: Zn 96.0 g. per L, Cu 8.0 g. per 1., Cd 5.0 
g. per 1., Fe 2.0 g. per 1., Mn 0.04 g. per 1., As 0.5 g. per L, Bi 
trace, Co 0.015 g. per L, Ni 0.012 g. per 1., Tl trace, Te trace. 

In zinc recovery the solution was treated with powdered lime 
rock and agitated by air. This precipitated the iron and traces 
of arsenic, and removed about 40 per cent of the copper but none 
of the cadmium. The resulting solution contained approxi- 
mately equal quantities of cadmium and copper. These were 
precipitated by zinc dust, forming a black mud containing 
approximately 25 per cent copper, 25 per cent cadmium, and 30 
per cent zinc — the raw material for cadmium production. 

The cadmium was recovered from the wet cadmium-copper- 
zinc precipitate. The wet mud was leached with H 2 SO 4 solutions 
to dissolve out cadmium and zinc, and the cadmium precipitated 
out of solution by sheet zinc. The precipitated cadmium was 
then washed and dissolved in an acid electrolyte, in which form 
it passed to the system for purification and iron remoi r al before 
going to the deposition cells. Iron was removed by the use of 
hydrated lime and air, the sludge formed being filtered off. The 
solution, if low in thallium, was delivered to the feed tank supply- 
ing the electrolytic cells. When thallium had accumulated to a 
certain amount, the solution was treated for its removal. 

Considerable attention has been given to the electrodeposition 
of cadmium, efforts centering especially upon preventing the 
formation of trees, sponge, and the like upon stationary cathodes. 
Neutral solutions will yield not a metallic deposit but a spongy 
mass which is melted only with great difficulty. A coherent 

1S Hanley, Chein . & Met. Eng., 23 , 1257 ( 1920 ). 
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deposit may be obtained from acid solutions, but the troublesome 
trees and sprouts are also produced in quantity. Agitation of the 
solution does not improve the quality of the deposit. It has been 
found, however, that from acid solutions rotating cathodes will 
produce a smooth metallic cadmium, comparatively free from 
irregularities. 

Rotating Cathode Cells. — Electrolysis in the Kennett plant 
was carried on in two of three semicircular cells lined with lead. 
The circular anodes — segments of considerably less than a half 



Fig. 77. — Electrolytic cells for the production of cadmium. ( Courtesy Electrolytic 

Zinc Co. of Australasia, Ltd.) 


circle — were supported upon double-grooved porcelain blocks 
laid upon the lining of the cell. The anode was entirely sub- 
merged in the electrolyte, only that section protruding which con- 
nected with the copper bars, these in turn connecting with the 
anode bus. There were two anodes for each cathode throughout 
the cell, the anodes being 2 in. less in radius than the immersed 
portion of the cathode. Operating details of the Kennett plant 
are given in Table XLY. 

At the plant of the Electrolytic Zinc Co. of Australasia, Ltd., 
where cadmium is recovered from a zinc-dust precipitate from 
zinc electrolyte purification, rotating cathode cells are employed 
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of the type shown in Fig. 77. Operating data of the plant are 
given in Table XLV. 

Cadmium Recovery from Zinc Electrolyte Residues.— Station- 
ary cathodes are used in most cadmium plants. The raw material 
is the cadmium residues from the electrolytic zinc process. The 
treatment of this raw material at the Anaconda plant has been 
described by Mitchell. 19 

Cadmium that is dissolved during the leaching operation in the 
zinc process is precipitated with metallic zinc, ordinarily added 
as zinc dust. Any copper which has been taken into solution will 
come down at the same time, so that the precipitate will consist 
of cadmium, copper, and zinc which has been added in excess to 
insure complete reaction. The mass is roasted at 700°C. 
in gas-fired McDougall furnaces to render insoluble the iron, 
arsenic, and antimony impurities and at the same time increase 
the solubility of the metals to be recovered. The roasted residue 
is leached with agitation in cylindrical tanks of 30 tons capacity, 
the solution being spent electrolyte from the zinc process con- 
taining 10 to 12 per cent H 2 S0 4 . The leaches are finished 
neutral and decanted to thickeners. The thickened residue, low 
in cadmium and zinc but with an appreciable amount of copper, 
is filtered and washed, dewatered, dried, and shipped to a 
copper smelter. The overflow from the thickener, containing 
all three metals, is treated for the removal of copper by careful 
addition of zinc dust, the operation being carried out in large 
tanks with mechanical agitation. The resultant high copper 
residue is separated from the solution in a thickener, filtered, and 
shipped to a copper smelter. In like manner the cadmium is 
precipitated in a finely divided state from the remaining solution 
by addition of zinc dust. The slight excess of zinc necessary for 
complete precipitation constitutes an impurity in the cadmium. 
The cadmium sponge is separated from the solution by filtration. 

The cadmium sponge dissolves very slowly in dilute H 2 S0 4 
but more rapidly if the sponge be oxidized. It is therefore piled 
in deep heaps while wet as produced, and allowed to oxidize over 
a 2- or 3~week period. Partly oxidized sponge is then leached 
with spent electrolyte from the electrolytic cadmium cells, 
carried to the neutral point, and settled in the leach tanks, 
The clear solution is filtered through a filter press, then pumped 

19 Trans. Am. Inst. Mining Met. Engrs., 239 ( 1930 ). 
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to a storage tank from which it flows by gravity to the electrolytic 
cells. The residue is left in. the leach tank until it has accumu- 
lated in sufficient quantity to require a cleanup. This residue 
and the mud from the filter press are returned to the plant treat- 
ing the regular zinc dust purification precipitate. 

The advantage in using partly oxidized sponge is that it 
contains sufficient metallic zinc and cadmium to give a good 
purification. If the sponge be too high in copper or has become 
completely oxidized, the solution may run high in copper, 



Fig. 78. — Electrolytic cadmium plant at Great Falls, Mont. 

conda Copper Mining Company.) 


necessitating the addition of small quantities of freshly precipi- 
tated sponge to bring down the dissolved copper. 

Although rotating cathodes are frequently used to overcome 
the treeing tendency, the Anaconda plant at Great Tails obtains 
satisfactory cadmium deposits with stationary cathodes. The 
cells, anodes, and cathodes are of the same type as used for zinc 
electrolysis. A typical plant is shown in Fig. 78. Sections of a 
cadmium electrolytic tank cell are shown in Tig. 79. 

Each cell has 27 anodes and 26 cathodes, with spacings of 3.5 
in. between cathode centers. Approximately 2.6 volts are used 
per cell, with a c.d. of 4.25 amp. per sq. ft. (0.46 amp. per dm. 2 ). 
The solution is fed to each cell individually, while the spent 
electrolyte discharges into a common collecting launder. The 
solution entering the cells contains 100 to 140 g. per 1. cadmium 
and 65 g. per 1. of zinc; on discharge the electrolyte contains 
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70 to 80 g. per 1. H 2 SO 4 . The formation of beads is lessened 
by maintaining the cell temperature at about 35°C. as well 
as by adding an average of 10 lb. of glue per ton of cathodes. 

At 24-hr. intervals the cathodes are removed, one plate at a 
time, and carried to the stripping rack. The beads are scraped 
off and treated separately. The cadmium sheets are washed with 
water, rolled into bundles, and dried in a steam oven. The 
ampere efficiency for good sheets is 80 to 90 per cent. The 
beads, which account for about 5 per cent of the metal, may be 
pressed together in a press, then sent to the melting furnaces 
with the sheet form of deposited cadmium. 

The used electrolyte is returned to the tanks for leaching 
sponge. To keep down the zinc content, a certain portion of 



this electrolyte must be replaced by concentrated H 2 S0 4 , if pure 
contact acid be available, or by spent zinc electrolyte of low zinc 
content. The cadmium in the acid that is withdrawn may be 
recovered by precipitation on metallic zinc; or, to avoid the 
high zinc consumption, the acid may be used to leach zinc dust 
purification precipitate. 

The dry cathodes are melted in cast-iron electrically heated 
pots of 1,000-lb. capacity. The temperature is maintained at 
about 400 to 450°C., a thin layer of caustic vsoda over the charge 
preventing excessive oxidation. A steel hood over the pot 
keeps the oxide fume from entering the room. The caustic 
becomes thick from oxidized cadmium and must be replaced at 
intervals. About 40 lb. of caustic per ton of metal is required. 

Cadmium oxide and metallic beads and shots are contained in 
the caustic slag. This is leached with water to dissolve the excess 
caustic soda, the solution decanted, and the oxide and beads 
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Composition Lead Lead Lead Lead Lead Lead alloy Lead 

Size 4 o"X 24J.2" X 9.2 sq. ft. sub- Roughly semicircu- Semicircular, 5.62' 38" X 22" X He" Semicircular, 

g" merged X W f lar approx. 21" diameter slightly larger than 

radius -He" thick 4' diameter 

Number 10 



Mode of suspension Cast around eon- Welded to busbar 2 mild steel bars Cast around Cu Cast around eon- From side of tank 

ductor tyi" X %" see- conductor ductor 

tion, with copper 
strip between them 

i at contact end 
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1 Plant not in operation. 
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treated with warm dilute H 2 S0 4 . The metal is of such high 
purity, however, that it dissolves very slowly, the rate being 
markedly increased by the addition of MnO a . The leach 
solution is filtered and fed to the electrolytic cells. 


Sulphide sponge Oxide sponge 
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Flo. SO. — Flow sheet of the cadmium recovery plant at Trail. 

neering and Alining Journal.) 


(Courtesy Kngi- 


Thc cadmium tapped from the pots is cast in 75-lb. bars, which 
are remelted and cast into salable forms, such as pencils, slabs, 
anodes, and balls. The purification flow sheet for cadmium 
recovery from the residues resulting from the treatment of both 
the sulphide and oxide ores at Trail is given in Fig. 80, while; the 
operating data for the plant are given in Table XLV. 



ELECTRO WINNING 


327 


At the Flin Flon plant of the Hudson Bay Mining and Smelting 
Co., Ltd., the residue from the zinc-dust purification in the 
leaching plant is leached in zinc cell acid to dissolve the zinc and 
cadmium. The leach is filtered and the filtrate passed through 
hot vats, in which are suspended zinc castings. Cadmium is 
precipitated by cementation as a sponge, and the barren solution 
after purification is returned to the zinc plant. The sponge after 
oxidation is leached hot with fortified cadmium cell acid, filtered, 
and the solution purified of cobalt and thallium, using KMn0 4 
and lime. This yields a solution suitable for electrolysis of 
composition Zn 65.1 g. per L, Cu 0.004 g. per L, Cd 91.4 g. per L, 
Co 0.127 g. per 1. This solution is electrolyzed at 3 to 4 amp. 
per sq. ft., in equipment identical with that in the zinc tank room 
except bussed with aluminum. Twenty cells at 2.7 volts per 
cell in four cascades of five are used. Current efficiency averages 
82.0 per cent, cell temperatures 21°C., and the deposited sheets, 
two per cathode about 1 lb. each, are stripped daily. Electrodes 
and deposition tanks showed no deterioration after 2 years. 

The overflow from electrolysis, cadmium cell acid, has the 
composition: Zn 67.1 g. per L, Cu 0.003 g. per 1., Cd 30.2 g. per 1., 
Co 0.127 g. per L, H 2 S0 4 56.2 g. per 1. Stripping the cadmium 
to below 25 g. per 1. results in poor deposition and current 
efficiency. The deposited cadmium, stripped daily from the 
aluminum cathodes, is washed, dried, melted with puddling under 
caustic soda, and cast into commercial slabs, balls, and pencils. 
Operating data are given in Table XLV. 

Electrogalvanizing from Leach Liquors. — Tainton 20 described 
the application of electrowinning methods to electrogalvanizing. 
Coils of iron wire are butt-welded together for continuous zinc 
plating. The wire to be galvanized is cleaned cathodically in 
fused caustic. Sodium metal is liberated, which removes all 
nonmetallies such as silicon, sulphur, and phosphorus. The iron 
oxide is reduced to the metallic iron state. The caustic pickle 
tank is a steel pan 20 ft. long, 24 in. wide, and 12 in. deep. Raw 
material consists of roasted concentrates containing about 69 per* 
cent Zn. The zinc is dissolved in spent electrolyte (25 per cent 
H 2 S0 4 ) from the cells. The residual iron, silicon, lead, etc., and 
the resultant solution are purified free from copper, cadmium, 


20 J. Am. Zinc Inst., 18 , 42 ( 1937 ). 
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cobalt, and the like by treatment with zinc dust. The zinc 
solution is drawn into the plating cells at the same speed that 
the zinc is removed from the cells by the plating action; four 
cells each take 15,000 amp. at 4 volts. The steel, lead-lined cells 
are 55 ft. long with 8 wires in each cell. Because of the approxi- 
mately 2,000 amp. per wire, contacts (lead with 1 per cent silver) 
are provided every 3 ft. to prevent the total current from flowing 
through any one point of the wire and melting it. Deposition of 
1 oz. per sq. ft. in about 45 sec. is realized. 



Fig. 81 . — Cells for the electrogalvanizing of wire. {Courtesy Bethlehem Sted Co.) 


The zinc deposited is of a mat or crystalline type which is 
smoothed and compressed by rotary polishers before coiling. 
Coatings are made up to 4 oz. per sq. ft. for wire that is to be 
drawn down into finer sizes such as screen wire. At some plants 
the wire is annealed in a gas-fired furnace to burn off the grease, 
♦passed through the acid and anodic pickling and into the 110-ft. 
plating cells drawing 40,000 amp. each, 12 wires being plated 
simultaneously, and then passed through dies to brighten and to 
density the surface. The electrolyte to the cells contains 200 g. 
of zinc per liter and 200 to 270 g. of H 2 S0 4 per liter. The c.d. 
on the cathodes is of the order of 700 to 2,000 amp. per sq. ft., 
at which c.d. a large gas evolution occurs. The anodes are lead- 
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silver alloys. The wire travels at a rate of 50 to 200 ft. per 
min. 2 

The process allows the use of low-grade concentrate carrying 
30 per cent zinc. Electrogalvanizing as compared to hot 



Fig. 82. — Flow sheet for the production of pure manganese. 


dipping shows less of the bonding zinc alloy, a brittle constituent 
causing failure of the coating owing to breakage or cracking of 
the bond. Silicic and cresylic acids are used on top of the 
plating tanks as a prevention against the acid spray. A typical 
cell is illustrated in Fig. 81. 

MANGANESE 

Shelton, Royer, and Towne reported the development of an 
electro winning procedure for manganese 22 as the result of 

21 Iron Age , Apr. 23, 1936, p. 44. 

22 U.S. Bur. Mines , Repts. Investigations 3406, July, 1938; Koster and 
Shelton, Eng. Mining J 137 , 510 (1936); U.S. Bur. Mines Repts. Investiga- 
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experimental work with Nevada wad- type ores (31 per cent Mn, 
17.4 per cent Si0 2 ), mixtures of MnOMn 2 03 with carbonates 
as well as with carbonate ores. Manganese dioxide reacts 
readily with SO 2 in aqueous solutions to form manganese sul- 
phate, but it is virtually insoluble in H 2 S0 4 solution. Manga- 
nous oxide and carbonate are soluble in H 2 S0 4 but not in S0 2 
solutions. 


The crushed and ground ore was given a reducing roast to 
convert the higher manganese oxides to manganous oxide. The 



Fig. 83. — Cell room for the production of electrolytic manganese. ( Courtesy Elec- 
tro Manganese Corporation,) 


calcine was leached with spent electrolyte containing 2.5 to 3 per 
cent of H 2 S0 4 , settled, filtered, and then purified to remove Fe, 
As, Cu, Ni, Co, and Pb. The Fe and As were removed by adding 
Mn0 2 from anode slimes, agitating with air; the Co and Ni were 
removed by cementation on zinc or by precipitation with 
xanthates. Zinc was removed as the sulphide and Cu by 
precipitation with zinc. The purified solution was treated with 
S0 2 to obtain a concentration of 0.01 g. S0 2 per liter. 

lions 3322 (October, 1936); Shelton and Royer, Trans. Electrochem. Soc 
74 , 447 (1938). 
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The electrolyzing cells contained canvas diaphragms so that 
anode and cathode chambers were formed. The catholyte feed 
contained 24 to 26 g. Mn per 1., which was reduced in the 
cathode chamber to 8 to 10 g. per L The spent electrolyte from 
the anolyte section ran 3 to 6 g. Mn per L, 25 to 30 g. H 2 S0 4 per 
L, and 200 g. (NH 4 ) 2 S0 4 per 1. with 5 g. Mn per L, as suspended 
Mn0 2 . Three and six-tenths kilowatt-hours were required per 
pound of Mn. Operating data are given in Table XLYI. 

Hammerquist 23 has described a commercial plant whose flow 
sheet is given in Fig. 82 and whose deposition cells are shown in 
Fig. 83. 


Table XLVI. — Electrolytic Manganese 


Ore: 

Mn, per cent 

Fe, per cent 

SiO* 2 , per cent 

MgC0 3 , per cent 

Pb, per cent 

As, per cent 

Cu, per cent 

Leach solution: 

(NH 4 ) 2 S0 4 , grams per liter 

MnSOd, grams per liter 

H 2 SO 4 , grains per liter 

Catholyte feed : 

Mn, grams per liter, as MnS0 4 

pH 

Anolyte : 

Mn, grams per liter, as MnS0 4 

H 2 S0 4 , grams per liter 

(NH 4 ) 2 S0 4 , grams per liter 

Mn, grams per liter, as suspended MnO* 
Anodes: 

Material 

Cathodes : 

Material 

Size, inches 

Cathode c.d., amperes per square foot. . . . 

Diaphragms 

Cell voltage 

Current efficiency, per cent 

Cathodes removed after ? hours 

Kilowatt-hours per pound Mn 

Pounds Mn per kilowatt-hour 


31.1 

0.68 

17.4 

3.56 

1.54 

0.15 

0.14 

200 

9 

44 

24-26 


3-6 

25-30 

200 

5 

Lead or lead alloy 


17 per cent chrome steel 

36 X 18 X 116 

18-23 

Canvas 

4-5 


50-60 

60-120 

3.6 

0.278 


** Steel, 106 , 42 (1939). 



CHAPTER XVII 

ELECTROLYSIS OF ALKALI HALIDES 


Cruikshank observed the evolution of chlorine upon passing 
an electric current through a solution of sodium chloride as 
early as 1800. A period of some fifty years elapsed before marked 
progress in the development of electrolytic chlorine is shown in 
the patent literature. The patents recorded for various types 
of electrolytic cells are numerous from the year 1885, and a few 
installations appearing about 1890 embodied features that made 
for their commercial success. In America the first commercially 
successful electrolytic chlorine plant was built at a paper mill in 
1890. 

Chlorine was first produced on an industrial scale from salt, 
H2SO4, and Mn0 2 , and later by the oxidation of HC1 to chlorine. 
These procedures have been entirely replaced by electrochemical 
processes involving the electrolysis of alkali halides, generally 
NaCl or KC1, with the production of chlorine at the anode and 
NaOH or KOH plus hydrogen at the cathode. Inasmuch as 
chlorine and alkali hydroxides react to form hypochlorites 
according to the reaction 

Cla + 2NaOH— > NaOCl + NaCl + H 2 0 

these as well as chlorates may be formed if the anodic and 
cathodic products be allowed to mix. In commercial cell design 
and operation, precautions are taken to prevent mixing of the 
products of the electrolysis and to remove them from the cells as 
rapidly as possible. 

Economically, the primary product of salt electrolysis is 
chlorine, while caustic is the secondary or by-product. Com- 
panies engaged in the electrolysis of salt are considered as 
members of the chlorine industry, primarily concerned in making 
chlorine and finding uses for it, to which business electrolytic 
alkalies are incidents. Electrolytic caustic formerly amounted 
to about one-third of the total caustic made and consumed in the 
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United States, but by 1940 was one-half. By-product hydrogen 
from salt electrolysis finds use in the manufacture of synthetic 
ammonia and in smaller amounts in the production of HC1 
produced by combustion of hydrogen in chlorine. In a special 
case the hydrogen is used by one producer for hydrogenation 
of oils. 

In 1926 about two-thirds of all the chlorine gas manufactured 
in the United States and Canada was consumed by the paper 
industry; 22 per cent was used in the textile industries; 10 per 
cent in sanitation, and the remaining 3 per cent in all other uses. 1 * 
By 1936 as the result of chlorine utilization for the manufacture 
of ethylene glycol, carbon tetrachloride, chlorinated naphthalene, 
and bromine as well as chlorinated hydrocarbons, production 
was twice that of 1926. Approximately one-third of the chlorine 
was used for bleaching pulp, 5 per cent for textiles, one-half for 
chemical manufacture, 6 per cent for sanitation, and the remain- 
der for all other uses. 

While the electrolytic cell is the heart of the electrolytic 
chlorine and caustic soda plant, from the chemical engineering 
viewpoint many other pieces of equipment are necessary for the 
production of the final material. This will be illustrated *by the 
flow sheet, Fig. 84. Brine is heated, purified by precipi- 
tation of the heavy metals as carbonates, and the temperature- 
controlled solution is fed to the electrolytic cell. In the case of 
the more common diaphragm cells, a weak caustic solution con- 
taining an appreciable quantity of salt, as well as chlorine and 
hydrogen gas, results. The weak caustic solution goes to evapor- 
ators where it is concentrated and the salt crystallized and 
filtered out. The strong caustic solution then goes to direct-fired 
finishing pots to be converted into solid or flake caustic. In the 
case of the mercury cells, caustic solutions of much higher 
concentration may be produced. These are either sold as liquid 
caustic or sent to finishing pots for the preparation of solid 
material. The product of the mercury cells is free of salt. 
Chlorine from either type of cell is cooled, dried, refrigerated, and 
liquefied. Hydrogen is either sent to waste or collected and 
employed for the manufacture of HC1 gas by combustion with 
chlorine, or the manufacture of ammonia by combination with 
nitrogen, or in some cases sold as hydrogen in compressed form. 

1 Peitchard, Trans . Am. Electrochem. Soc 49, 39 (1926). 
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Anpdic and Cathodic Processes. — The anodic and cathodic 
processes in alkali-chlorine cells are affected by the materials used 
for electrodes, the temperature, concentration of electrolyte, 
its purity, c.d., cell construction, and other factors. At the 
anode, chlorine is discharged and, if conditions be favorable, 
may react with water to give C10~ ions or free HCIO, which by 
self-oxidation may give rise to chlorites, chlorates, and oxygen 
with the development of acidity in the electrolyte. 

In the mercury cell, sodium ions are discharged at the cathode, 
where they alloy with the cathode. In the more common type 
of cell with a sheet-metal cathode, hydrogen, as a result of the 
low hydrogen overvoltage of the cathode material, is discharged 
preferentially to sodium, and hydrogen gas is evolved. The 
sodium ion and the hydroxyl (remaining from the ionization of 
the H 2 0 which furnished the H 4- ) unite to become the cathode 
film product NaOH. 

If a NaCl solution be electrolyzed under such conditions that 
the c.d. at the electrodes be kept constant (the voltage regulated 
to maintain this condition), the electrode products be kept 
separate, and no salt additions be made to the cell, there will be 
hypochlorite formation. The Cl“ ion concentration will decrease 
and -the HCIO concentration will increase if the chlorine in 
solution remain constant or increase. The HCIO is only little 
ionized, its dissociation constant being 3.7 X 10“ s at 20°C. If 
the current be maintained, higher cell voltages and higher 
anodic polarization will be needed, CIO - ions will discharge, 
oxygen will be evolved, and chlorates will form. As the Cl“ 
ion concentration decreases with continued electrolysis, greater 
portions of the current will be used up in chlorate production. 
The high ionic mobility of the H 4 " ion will cause its rapid migra- 
tion from the anode area, so that acidity, increase of which 
would aid HCIO formation, remains low. Increasing oxygen 
evolution will dilute the chlorine and reduce its solubility (owing 
to lower partial pressure of the chlorine in the atmosphere above 
the electrolyte), and the rate of formation of HCIO will decrease. 
Therefore, during electrolysis of a static NaCl solution, HCIO 
formation and the portion of current producing chlorate are low 
at the beginning, gradually increasing and reaching a peak value ; 
but with decreasing concentration of NaCl in the electrolyte, 
they will decrease. At constant current the anode potential 
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reaches a critical point where OH" ion discharge with oxygen 
evolution takes place, and the partial pressure of chlorine is 
reduced, with decreased solubility of the gas in the electrolyte. 
It will therefore be seen that, during the course of electrolysis 
of salt at constant current under conditions in which the products 
of electrolysis are not allowed to mix and no further salt is added 
to maintain concentration, the chlorine evolution diminishes 
continually throughout; the HCIO concentration of the electrolyte 
and the chlorate formation increase to a maximum and then fall 
off; while the oxygen evolution due to OH" ion discharge 
increases continuously throughout the course of the electrolysis. 

In commercial electrolysis of salt, the formation of hypo- 
chlorite and chlorate is avoided by maintaining the electrolyte 
in a saturated condition. Thus the Cl" ion concentration is 
maintained at a more or less constant rate. At the same time 
an advantage is obtained in that the solubility of chlorine gas in 
saturated salt solutions is less than in those of a more dilute 
nature. 

Anodes- — The anode material should preferably be chemically 
inert, as mechanically strong as possible, be inexpensive, show 
good electrical conductivity, and have low chlorine overvoltage, 
as the anode potential is determined by the discharge of Cl" 
ions and the evolution of chlorine gas. The chlorine overvoltage 
is high at smooth platinum anodes. Platinum anodes are now 
obsolete. Their high cost requires the use of high c.d., with 
resultant high voltages. With magnetite anodes which are 
cheap, low c.d. are advantageously used. Magnetite anodes 
have the definite disadvantage of being very fragile, and usable 
only in the cast form. They do not have the machinability 
of metals or graphite. In the United States they find no appli- 
cation. Graphite anodes show lower chlorine overvoltage than 
do platinum. At the surface of graphite anodes the formation 
of chlorate will start later than at platinum or magnetite under 
the same conditions. On the other hand, graphite requires a 
lower overvoltage for OH" ion discharge, so that oxygen evolution 
will commence earlier and will take a larger fraction of the total 
current than in the case of magnetite or platinum. In the case 
of graphite, medium c.d. are employed so that the greater part 
of the electrolysis will take place on the surface. Dense, homo- 
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geneous, and compact anodes aid in the production of purer 
chlorine gas. 

Graphite anodes are universally used. Graphite anodes are 
commonly impregnated with oxidizable oils of the drying type 
or with resinous substances or other materials to increase their 
apparent density and to reduce porosity. With porous graphite 
anodes the electrolyte in the anode becomes depleted far more 
quickly than the main bulk of the solution, with the resultant 
setting in of oxygen evolution, oxidation of the anode, and the 
production of CO 2 impurities in the chlorine. 

Disintegration of anodes with necessary replacement is a 
factor in commercial cells, but anodes last from 1 to 3 years. 
Graphite consumption is of the order of 5 lb. or less per ton of 
chlorine produced. 

Cathodes. — The cathode materials should be cheap, be 
readily fabricated, be mechanically strong if used in solid form, 
and, inasmuch as Nation cannot be readily discharged at metallic 
electrodes, should have a low hydrogen overvoltage. The single 
electrode potential for a normal Na + ion solution at which Na + 
ion is discharged is —2.714, whereas H + ion requires only —0.4 
volt. It will be seen that hydrogen evolution will occur much 
more readily on metals such as iron, copper, and nickel. In the 
case of mercury with a high hydrogen overvoltage, which value 
rises sharply with increases in c.d., the Na + ion is preferentially dis- 
charged and forms an alloy with the cathode metal. At high c.d. 
as the result of the effect of increased c.d. on hydrogen overvoltage 
at cathodes of lead, platinum, and tin, Na + ion discharge takes 
place with alloying of the cathode, followed by chemical reaction 
of these alloys with the water of the electrolyte and the evolution 
of hydrogen gas. The surfaces of the cathode materials are 
physically broken up, and in commercial operation these dis- 
integration products must be treated to restore them to normal 
condition. 

Inasmuch as iron shows a lower hydrogen overvoltage than 
copper, nickel, graphite, tin, or aluminum; is very much cheaper, 
and is not attacked to too great an extent by alkalies or alkaline 
solutions of NaCl, it is the universally accepted cathode material 
for diaphragm cells as well as for mercury cells, where the 
mercury is an intermediate electrode. 
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In the mercury cell, the mercury acts as a bipolar electrode, in 
that it is cathode in the section in which salt electrolysis takes 
place and anode in the denuder section. If, in operation, the 
mercury cathode become saturated with NaHg 2 and contain 
some NasHg, so that from 0.5 to 0.8 per cent Na is present, Na + 
ion is discharged at about —2.0 volts; but if, as a result of 
mercury circulation, the sodium metal content be kept as low 
as 0.2 per cent, the Na + ion will discharge at about —1.83 
volts. 

Hydrogen ion discharges at a potential of about —0.4 volt 
plus an overvoltage (at low c.d. at mercury) of between 0.9 to 
1.12, which is in turn increased in value at a sodium alloy surface 
in contrast to mercury. The hydrogen potential will be further 
increased, say to — 0.6, in that the electrode surface film will be 
alkaline, due to sodium metal reaction, and not neutral. Oper- 
ation c.d. and temperature will increase the hydrogen overvoltage 
so that the total potential for hydrogen evolution will be of the 
order of —2.0 volts, or greater than that for Na + ion discharge. 

Temperature. — The solubility of chlorine in the electrolyte 
is lowered by increased temperature, but the velocity of reaction 
of hypochlorite formation is raised. Hydrogen overvoltage at 
metal electrodes and OH"" ion overvoltage at graphite vary 
inversely with temperature. In mercury cells the decomposition 
rate of the sodium amalgam varies directly with temperature. 
Salt solubility is fairly constant over a wide temperature range. 

A summary of the desirable conditions for salt electrolysis in 
commercial cells is given in Table XLVII. Commercial cells 
incorporate these conditions in their design and operation, but 
the methods of taking care of all factors may be quite dissimilar. 

Classes of Cells. — Commercial chlorine cells can be divided 
into a number of different classes according to the way their 
designs achieve certain desired results. Effective separation of 
electrode products is attempted by moving electrolytes, static 
electrolytes with diaphragms, circulating cathodes, as well as by 
moving electrolytes with a wide variety of diaphragm designs. 
Circulation of electrolytes with effective electrode-product separa- 
tion by diaphragms minimizes all losses. 

Diaphragm cells all produce cathode liquors containing more 
salt than alkali, an average composition being 110 to 120 g. 
NaOH per liter and 140 to 170 g. NaCl per liter, so that the 
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Table XL VII. — Desirable ConditJDns for, Salt Electrolysis 



Diaphragm Cells 

Mercury Cells 

I. Anodes 

1. Resistant to chlorine attack 

2. Graphite 

a. Maximum density 

b. Homogeneity 

c. Minimum porosity 

d. High mechanical strength 

e. Resistant to disintegration 
and oxidation 

II. Cathodes 

3. Inexpensive 

4. Low hydrogen overvoltage 

5. Resistant to attack by 
cathode products 

III. Effective separa- 
tion of anode and 
cathode products 
by: 

Diaphragms 

1. Minimum 
resistance 
electrically 

and hydraulically 

2. Maintenance of 
porosity 

3. Chemical j 

inertness 

4. Ease of mechanical 
replacement 

Liquid intermediary elec- 
trode 

1. Effective 
circulation 

2. High hydrogen 
overvoltage 

3. Low sodium 
overvoltage by regula- 
tion of alloy composi- 
tion 

4. Minimum 
mechanical and chem- 
ical loss from cell 

IV. Electrolyte 

1. Purified solutions free of heavy metal ions or 
ions forming insoluble hydroxides 

2. Saturated brine solutions for low chlorine 
solubility 

3. Circulation to mini- 
mize hydroxyl ion 
migration and dif- 
fusion of electrode 
products 

3. Hydroxyl ion migra- 
tion prevented by 
intermediate liquid 

electrode 
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caustic is not free of salt. Mercury cells are capable of much 
higher concentrations of salt-free caustic. 

The various commercial cells are classified and designated by 
the names of their proposers, designers, or manufacturers. 
They will be individually discussed in the order shown in Table 
XL VIII. 


Table XL VIII. — Classification of Cells 

I. Circulating intermediate electrode 

1. Mercury 

a. Castner 

b. Sorensen 

c. Krebs 

2. Fused lead 

a. Acker 

II. Moving electrolyte 
1. Bell jar 

III. Diaphragm cells with stationary electrolyte 

1. Griesheim 

IV. Diaphragm cells with circulating electrolyte 

1. Horizontal submerged diaphragm 

a. LeSueur 

2. Vertical submerged diaphragms 

а. Macdonald 

б. Basle 

c. Townsend 

d . Pomilio 

e. Hooker 

3. Vertical free diaphragms, rectangular cell shape 

a. Hargreaves-Bird 

b. Allen-Moore 

c. Buck-McRae 

d. Krebs 

e. Nelson 

4. Vertical free diaphragms, cylindrical cell shape 

a . Gibbs 

b . Vorce 

c. Wheeler 

MERCURY CELLS 

Mercury cells may be built in very large sizes to 15,000 amp. 
or more per unit. Purified saturated brine is fed to the cells and 
commonly circulated through them with, a reduction from about 
30 to 20 per cent salt concentration. Brine is resaturated for 
another cycle. Each unit consists of two sections : one which 
is closed and has a chlorine outlet, graphite anodes, and a mercury 
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cathode ; and a second, the denuder section, containing a mercury 
amalgam anode and iron cathodes, circulation of the mer- 
cury between the first and the second sections constituting the 
electrical connection. The current efficiencies depend upon the 
concentration of the amalgam formed in the first section and 
the effectiveness of the circulation of the amalgam. Current den- 
sities in mercury cells are considerably higher than in diaphragm 
units, being of the order of 1 amp. or more per square inch of 
anode surface. 

In the cells in use in the United States, the mercury is usually 
in the horizontal layer. First cost, as the result of the quantity 
of mercury employed per cell, is high. In present-day design, the 
current efficiencies are of the same order as the diaphragm units, 
being 94 to 96 per cent. The voltages tend to be higher than 
diaphragm cells for small units, but the same does not hold true 
for large capacities. Evaporation costs of alkali liquors are 
markedly cut down, inasmuch as the cells are built to produce 
caustic solutions of 50 per cent concentration which may be 
shipped directly. The caustic is salt free, a particular advantage 
in connection with viscose rayon manufacture. Commonly the 
circulation of the mercury is by mechanical means, such as paddle 
wheels, various forms of pumps, and screw elevators, in contrast 
to the rocking-cell idea of the earliest units. 

Energy efficiencies are of the order of 50 to 60 per cent. Anode 
consumption when graphite anodes are used is of the order of 
6 to 7 lb. per ton of chlorine. Mercury losses are small, being 
of the order of 0.15 to 0.25 lb. per ton of caustic. When calcu- 
lated on the basis of the yearly output per cell, the necessary 
annual replacement of mercury is less than 2 per cent to cover 
all losses. 

In commercial cells the total voltage across the cell — made up 
of the anode potential, chlorine overvoltage, voltage drop 
through the electrolyte, film resistances, and cathodic potentials — 
is 3.85 to 4.3 volts, depending upon the design and current 
capacity of the unit. The electrodes are usually placed very 
close together. 

In the United States the mercury cell has assumed several 
commercial forms. The original mercury cell is credited to 
Castner, while the Whiting and Sorensen may be considered as 
modifications. 
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Castner Cell. — A diagrammatic sketch of the Castner cell is 
shown in Fig. 85. Up-to-date descriptions of the present form 
of the unit are not available but old data describe the cell as 
consisting of a large slate box divided into three equal compart- 
ments by two vertical partitions. ’The box was about 4 ft. 
square and 6 in. high. The partitions were so set that they 
stopped about He in * from the bottom of the cell, over a shallow 
groove in the base of the cell. The mercury was placed on the 
bottom of the cell and formed a layer which, as the result of the 
rocking or tilting of the box, passed from one compartment to 
the other. In the two outer divisions the mercury was cathode, 
with graphite anodes passing through the 
roof or cover of these compartments. 
These were so set that their bottom surfaces 
were about in. from the mercury surface. 
The roofs of the compartments were pro- 
vided with chlorine outlets, while the brine 
entered and left the cell through openings 
in the sides. In the middle compartment 
the mercury amalgam became anode in an 
alkali solution, the cathode being an iron 
grid made up of a number of parallel rolled 
iron bars or rods on the ends of which 
terminals were cast where electrical connec- 
tion could be made. Rocking of the cell 
and the circulation of mercury were caused 
by the motion of a slowly revolving 
eccentric under one side of the cell, while 
the other side was pivoted. As a result of its use as cathode 
in the electrolyzer parts of the cell and anode in the middle or 
denuding compartment, the mercury amalgam is alternately 
charged and depleted of alkali metal. The cathode alkali con- 
centration is 20 per cent or better, the current efficiency 90 to 95 
per cent, and the energy efficiency 50. A 630-amp. cell holds 
nearly 100 lb. of mercury. 

The Whiting cell had as its feature an automatic intermittent 
removal of the amalgam from the electrolyzer. 2 It was at one 
time used at one paper plant in the United States. 

2 Trans. Am. Electrochem. Soc., 17 , 327 ( 1910 ). 
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Sorensen Cell. — A typical installation of the Sorensen cell is 
shown in Fig. 86, and diagrammatically illustrated in Fig. 87. 
The structural materials are concrete and steel; the anodes are 
graphite plates arranged with their surfaces parallel to the 
mercury surface. The cell consists of an electrolyzer compart- 
ment or box and a denuder compartment or box, the mercury 
being mechanically circulated by means of a cup wheel which 



Fig. 86. — An installation of Sorensen cells. ( Courtesy Oxford Paper Company.) 


feeds the mercury into the electrolyzer compartment, the bottom 
of which is at a higher level than that of the denuder. Connec- 
tion between the electrolyzer and the denuder is through a 
channel at one end of the cell, while the mechanical handling of 
the mercury is at the other. Instead of traveling from side to 
side as in the Castner cell, the mercury travels from one end of the 
electrolyzer to the other, through to the denuder and from one 
end of the denuder to the other, and then is picked up from the 
low point of the denuder and raised to the high point of the elec- 
trolyzer. The feed inlet is located at the top of the cell, the 
chlorine outlet at the side; the hydrogen outlet is at the top of, 
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and the cathode alkali outlet at the side of, the denuder compart- 
ment. The cathode is iron. See Table XLIX for operating data. 

Krebs Mercury Cell. — This cell is composed of a primary or 
electrolyzing section and a secondary or denuding portion. The 
electrolytic section consists of a long rectangular trough made 
of ebonited or rubber-covered steel. On the lower surface, in the 



Side View of Cell 
Ho| Circulator 




ebonite lining, sockets are inserted. These sockets are in direct 
contact with a thin layer of mercury covering the bottom and 
forming the negative pole of the cell. The cover of this element 
is made of chlorine-resisting material; through it run graphite 
rods which lead the current to the anodes. The latter are 
formed by horizontal graphite plates fixed at a very small dis- 
tance from the surface of the mercury. 

The secondary element is formed by a rectangular steel trough 
of the same length as the primary cell. The lower surface is 
covered on all its length with graphite grids which are in direct 
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contact with the iron. All the upper part of the secondary ele- 
ment is covered with iron lids with water closing devices. 

The electrolytic and the denuder sections or elements are 
connected on one side by a cast-iron casing, in which is a p um p 
for the circulation of the mercury. On the other side is a device 
through which the mercury flows from the primary to the second- 



At ( a ) the electrolyte (brine) enters the electrolytic compartment (I) of the cells and leaves 
it at (6). The mercury is kept in circulation by the conveying device (ft); it flows in the 
electrolytic compartment in the same direction as the electrolyte. The mercury charged 
•with sodium flows over through the gutter (£) into the amalgam decomposition com- 

E artment (//). Here the amalgam is decomposed giving mercury, caustic soda, and 
ydrogen. The water necessary for decomposition enters the decomposition compartment 
at (p). The concentrated lye runs out at (d). Hydrogen leaves the decomposition compart- 
ment at (/). The chlorine gas leaves the electrolytic compartment at (c). An outlet for 
impurities is at (e). The electric current is led into the electrolytic compartment by the 
anodes (Z) and out by the cathode (ft). 

ary element. Both elements have a slight slope, in opposite 
directions, assuring good circulation of the mercury. Cells are 
built in capacities of 4,000 to 15,000 amp., although this is not 
the structural limit. Dangers from explosions which were a 
hazard in the old types of mercury cells are eliminated by auto- 
matic light and sound signals. 

In starting the cells, the mercury pump is put into operation, 
the brine cock opened, the secondary element filled with water 
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containing sufficient alkali to be conductive, and current is applied 
to the cells which are then built up to full load. When the caustic 
solution in the denuder section has reached the desired concen- 
tration, the distilled water line is opened and the flow regulated 
so that enough distilled water is introduced to balance the out- 
flowing caustic at the other end of the cell. The air in the chlorine 
lines is expelled by means of chlorine generated in the electrolysis 
section and the air in the hydrogen line is displaced by hydrogen 
evolved in the denuder section. 


Fig. 89. — Krebs mercury cells showing electrolyzer and denuder sections with 
mercury circulating pump. ( Courtesy Krebs & Co., Paris.) 

The Krebs mercury cell in comparison with the diaphragm cells 
will operate under considerable variation of the current load. 
Anode life is about 2 years. Anodes are consumed at a rate of the 
order of 3.2 kg. per 1,000 kg. of chlorine, or 0.0032 lb. of graphite 
per pound of chlorine. Mercury consumption is of the order of 
75-to 100 g. per 1,000 kg. of KaOI!, or 0.0001 lb. per lb. of caustic. 
The chlorine concentration is of the order of 96 to 98.5 per cent, 
containing from 0 to 0.5 per cent hydrogen. 

Figure 88 diagrammatically illustrates the Krebs mercury cell. 
A typical plant is shown in Fig. 89 where the relation of the 
electrolyzing and denuder sections as well as the mercury circu- 


ELECTROLYSIS OF ALKALI HALIDES 


347 


la ting pumps at the end of the cell, is clearly shown. Operating 
data on the cell are given in Table XLIX. 

Acker Cell. — The Acker cell employed a fused lead cathode 
which was circulated between a decomposing chamber and the cell 
proper. The electrolyte was fused NaCl. The caustic produced 
was colored as the result of contamination by metallic salts or 
oxides, particularly iron. The cell is described in connection with 
fused electrolytes. The chlorine resulting from the cell was hot 
and dry and needed to be cooled for conversion into liquid chlorine. 


CELLS WITH MOVING ELECTROLYTE 

In cells with moving electrolytes and no diaphragm, alkali 
and hydrogen are formed in the electrolysis chamber; the effects 
of diffusion and ionic migration are counteracted by a flow of 
electrolyte arranged to oppose the diffusion of alkali and the 
migration of OH“ ions toward the anode. The best known cell 
of this type is the bell jar or gravity cell of which the original 
and largest installation is at Aussig in Bohemia. This design 
finds no application at all in the United States. It is shown 
diagrammatically in Fig. 90. 

A bell jar, consisting of a non- 
conducting and nonporous 
material, is inverted in a vessel 
containing the NaCl electro- 
lyte, while outside the bell 
there is a ring-shaped iron 
cathode. The graphite anode 
is inside -the bell. Brine feed 
is through the top of the bell, 
also contains a chlorine outlet, 
or less sharp in nature, exists, 
result of downward flow of brine solution at a definite level 
between the bottom edge of the bell jar and the lower surface of 
the anode. This downward travel of the electrolyte reduces OH~ 
ion migration and diffusion. Commercially the cells are small in 
size and cannot be counted onto operate in a satisfactory manner, 
for it is difficult to maintain the alkali-salt solution boundary. 

The bell jars are constructed of sheet iron lined with cement. 
The anodes are of graphite. Single bell jars take 20 to 30 amp. at 
a c.d. of about 0.2 amp. per sq. in. (3 amp. per dm. 2 ), a number of 



past the anode. The bell 
An alkali boundary, more 
A neutral layer is f ormed as the 
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them being assembled into a complete cell taking 500 amp. 
Current efficiency is about 90 per cent when saturated brine 
solutions are used, and cathode liquors run 100 to 120 g. NaOH 
per liter. 

In continental Europe a number of modifications of the bell-jar 
cell have been brought into existence, such as the Billiter- 
Leykam 3 and the Carmichael cells. 4 


DIAPHRAGM CELLS 

Griesheim Cell. — The best known example of diaphragm cells 
in which stationary electrolytes are employed is the Griesheim 
Electron cell. 5 Here the disturbing effects of convection currents 


Cement 

diaphragms' 

Carbon 

anoaies'~~ 

KieseJguhr, 
coating " 

iron tank- 



Chlorine outlet 

Solid sail to ma/ntain 
:enfrat/on of anode 
f/quor 


Fig. 91.- 


^ '-Steam inlet 
'Caustic outlet 

-Griesheim Electron cell. 


and gas evolution are avoided, but migration of OH~ ions toward 
the anode is not prevented. The cell is relatively inefficient but 
is simple, cheap, and easy to operate. The unit is shown dia- 
grammatically in Eig. 91. It consists of a rectangular iron tank 
coated with a layer of thermal insulator. The tank serves as 
cathode and contains 12 anode compartments made of Portland 
cement diaphragms suspended on an iron frame. Each anode 
compartment contains 6 carbon or magnetite anodes cemented 
on the cover and parallel to the sides of the box. The anode 
compartments have chlorine outlets and have inserted in their 
center a well made of glazed porcelain which is kept filled with 

3 Foerster, “ Elektrochemie wasseriger Losungen,” p. 749, Johann Barth, 
Leipzig, 1923; Nussbaum, article in Askenasy’s “Technische Elektro- 
chemie,” Vol. II, p. 233, 1916. 

4 Z. Elektrochem ., 1, 213 (1894); Haber, ibid., 9, 366 (1903). 

6 Haussermann, Dinglers Polytech. J ., (30) 315, (1900); Lepsius, Chem. 
Z., 33, 299 (1909); Bileiter, “ Die Elektrochemischen Verfahren,” Vol. II, 
p. 166 (1911); Nussbaum, p. 180 of his article on diaphragm cells in Asken- 
asy’s “Technische Elektrochemie,” Vol. II, 1916. The first two references 
describe the older form of the cell not here dealt with. 
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solid salt. The porcelain is pervious to the action of the electro- 
lyte which dissolves the salt to maintain its saturated condition. 
In the center of the tank heating pipes are placed and auxiliary 
sheet-iron cathodes suspended vertically. Operating details are 
given in Table XLIX. 

Cells with Circulating Electrolyte. — The most widely used 
cells for salt electrolysis are those of the circulating electrolyte- 
diaphragm type. These are divided into rectangular and 
cylindrical forms. The anodes almost universally in use are 
of graphite, which is nonattackable by chlorine. Diaphragms 
may be arranged either horizontally or vertically, but in the 
United States at least the former is represented only by the 
LeSueur cell. In reference to the diaphragms the cells may be 
subdivided into two groups: (1) those in which the diaphragms 
and cathodes are completely submerged so that both sides of the 
cathode are covered with electrolyte ; (2) those in which the elec- 
trolyte comes in contact with one face only of an unsubmerged 
diaphragm. The diaphragms, which are permeable, are arranged 
structurally in a number of ways. 

With submerged diaphragms it is possible to a large degree 
to keep the cathodic and anodic products separate by maintaining 
a liquor level in the anode compartment higher than that in the 
cathode compartment, whereby a continuous flow results from 
the anode chamber to the cathode chamber. Osmosis of the 
cathode products as well as OH” ion migration can occur through 
the diaphragm into the anode compartment. As a result of this, 
hypochlorite can form. It was formerly thought that submerged 
diaphragm cells tended to operate at low current efficiency. 
As the age of the diaphragm advances, it becomes less permeable 
and gradually more effective as an osmotic vehicle for the con- 
tamination of the anode compartment by the cathodic products. 

With nonsubmerged diaphragms there is no large body of 
salt and caustic liquor present in the cathode compartment 
because the cathode liquor is withdrawn as fast as it is formed. 
Osmotic action and OH” ion migration will thus be cut down to a 
minimum. Submerged diaphragm cells are represented in 
the commercial units of Pomilio and Hooker. 

The industrial cells of importance, employing free diaphragms, 
are the Hargreaves-Bird, the Allen-Moore, the Buck-McRae, 
the Krebs, the Nelson — all of which are rectangular cells employ- 
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ing unsubmerged diaphragms — and the cylindrical cells of Gibbs, 
Wheeler, and Yorce. The design, construction, and operation of 
each of these cells in their commercial forms will be discussed indi- 
vidually. As a link between the submerged and unsubmerged 
cathode cells, mention will be made of the Macdonald and the 
Basle cells, although neither is of importance in the United States. 
In general, however, discussion will be limited to cells which 
have achieved commercial importance. A number of designs, 
although of interest because of unusual features, are omitted. 
Their application never reached the commercial stage or, having 
reached it, did not persist. 

LeSuetir Cell. — The first commercial electrolytic caustic 
plant in the United States employed a horizontal submerged 


Iron tank, 
concrete lined 
above cathode 

Hydrogen 



Fig. 92. — LeSueur chlorine-caustic cell. ( Courtesy Brown Company.) 


diaphragm cell designed by LeSueur. 6 An iron-wire screen cath- 
ode was supported by a perforated metal plate, while the asbestos 
paper diaphragm was, in turn, supported by the cathode. 
Originally the anodes were massive sections of retort carbon, but 
in later years electric furnace graphite was substituted. The 
tank for the cell was of iron, concrete lined. The cathodes made 
contact with the walls of the tank, and the external electrical 
connection was to the tank sides. The cell is illustrated diagram- 
matically in Fig. 92, and operating details are given in Table 
XLIX. 

Submerged Cathode Cells. — Although unimportant in the 
United States, submerged cathode cells should be mentioned. 
The link between the submerged and unsubmerged is furnished 

6 Trans . Electroche?n. Soc ., 63, 187 (1933). 



ELECTROLYSIS OF ALKALI HALIDES 


351 


by the Macdonald cell, now obsolete, in which two perforated 
metal cathode plates supported asbestos diaphragms and divided 
the cell into a middle anode compartment and two outer cathode 
sections. Graphite anode blocks with lead lugs were suspended 
from an earthenware cover on an earthenware box. The dia- 
phragm was held in place by masses of concrete in the bottom and 
ends of the anode compartment. In operation the liquors in the 
anode and cathode compartments were brought to the same level, 
brine being introduced into the anode compartment. The cell 
gave many operating troubles and had excessive upkeep as well 
as low amperage efficiency. 

Basle Cell. — The Basle cell used at the Bussi plant of the 
Societa Italiana di Elettrochimica features submerged cathodes 
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Fig. 93. — Basle cell. 

and an individual diaphragm for each anode and cathode. The 
mechanism used to circulate the electrolyte from anode toward 
cathode is of interest. Both the graphite anodes and the iron 
cathodes are surrounded by asbestos bag diaphragms. Hydro- 
gen generated at the cathode inside the bag carries the cathode 
products up through the short iron tubes into gutters on the top 
of the cell, the gutters being covered by a collecting hood. 
Chlorine is taken off at the top of each anode through noncon- 
ducting collecting bells. A constant level brine feed is used. 
The largest unit takes about 7,500 amp. and produces 11 to 13 
per cent NaOH, 98 per cent chlorine, at a current efficiency of 
90 to 92 per cent and a voltage of 3.3 to 4.5 at 40 to 50°C. The 
construction of the cell is shown in Fig. 93. 

Townsend Cell. — The Townsend cell is rectangular in shape, 
containing one anode and two cathode compartments. The 
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anode space is formed between a lid or cover and two vertical 
diaphragms on the side of the nonconducting concrete body 
made in the shape of a shallow U, so that this body forms the 
bottom and ends of the cell. Graphite anodes pass through the 
cover into the anode space. The diaphragms are in close contact 
with perforated iron cathode plates which, in turn, are fastened 
to two iron sides bulging outward in the middle to form the 
cathode compartments. The cathode compartments contain 
kerosene oil. The anodes are large rectangular graphite blocks 

set end to end. In the early designs 
of the cell very little space was allowed 
between adjacent anodes. The con- 
struction of the cell is shown in Fig. 
94. Because of the difference in 
specific gravity between the saturated 
brine in the anode space and kerosene 
in the cathode compartment, there is 
a hydrostatic pressure from the anode 
chamber toward that of the cathode. 
Fig. 94. — Townsend cell. This pressure is increased by main- 

tenance of the anode liquor at a 
higher level than that in the cathode chamber. Each drop 
of liquid, as soon as it traverses the diaphragm, runs through 
the perforations of the cathode plate and acquires a globular 
shape by capillary attraction on contact with the kerosene oil. 
This produces a rapid separation of the aqueous liquid so that 
each drop, as soon as it forms, detaches itself rapidly, sinks to the 
bottom of the oil to a small caustic pocket, where it may be 
drained off by adjustable goosenecks. Operating data on the 
cells as given by Hooker 7 are included in Table XLIX. The 
‘diaphragms in the Townsend cell consist of a woven sheet of 
asbestos cloth in which the pores are filled with a mixture of 
iron oxide, asbestos fiber, and colloidal iron hydroxide, the 
latter material functioning as a binder. 

In plants employing the Townsend cell the salt liquors are 
continuously circulated, only part of the liquors entering the 
cell passing through the diaphragms. In the circulation cycle 
the liquor is resaturated after passing through the cells, which 
it leaves at a specific gravity of 1.18 and has to be brought up 
7 Chem. & Met. Eng., 23, 961 ( 1920 ). 




ELECTROLYSIS OF ALKALI HALIDES 


353 


rapidly to 1.2. Brine feed to the cell is purified of heavy metals 
and filtered. It is stated that percolation in the cell can be 
reduced to a point where cathode liquors containing as high as 
250 g. NaOH per liter may be produced, but that in practice it 
is advantageous to produce liquor containing 125 to 150 g. 
NaOH per liter. 

Giordani-Pomilio Cell. — This cell is similar in appearance to 
the original fiat-sided diaphragm cell, rectangular in shape, as 



Fig. 95. — Giordani-Pomilio cells of 3,000 amp. ( Courtesy Celulosa Argentina , 

Juan Ortiz.) 


patented by Hargreaves and Bird in the early nineties, and the 
American cell of Nelson and Moore. It differs from these, 
however, in that it resembles the Townsend cell in its use of the 
submerged cathode. The design includes an arrangement by 
which the height and therefore the hydraulic pressure of the 
liquid in the anode and cathode compartments of the cell may be 
varied according to the permeability of the diaphragm as it changes 
with age. The cells are thin and high, and the hydraulic levels 
in the anode and cathode chambers may differ by as much as a 
meter. The standard size cell is 3,000 amp., but units are built 
in ranges of 1,000 to 6,000. An operating cell room of 3,000-amp. 
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cells at Juan Ortiz, in the Argentine, is shown in Fig. 95, and 
operating details on the cell are given in Table XLIX. Graphite 
consumption is stated to be 5 to 6 kg. per metric ton of caustic 
produced. 

Hooker Cell. — Stuart, Lyster, and Murray 8 have described 
the Hooker cell which is cubical and employs a multiplicity of 
submerged diaphragms which are deposited in place. Figure 96 
shows the cathode which is built of structural steel, with a freshly 



Fig. 96. — Hooker cell before putting on cover. ( Courtesy Chemical & Metal- 
lurgical Engineering .) 


deposited diaphragm put in place by applying suction to the 
cathode frame and immersing the entire member in a suspension 
of asbestos. Figure 97 shows the essential members of the 
Hooker cell, where A is the concrete top through which the 
chlorine leaves and the brine enters, B the cathode assembly 
with the graphite anodes interspaced between the cathode sec- 
tions, and C the concrete bottom of the cell. The anodes are 
parallel flat blades of graphite with their lower ends embedded 
in a lead slab resting upon the cell bottom, from which they 
project vertically upward. The cathode is formed within a 
flat rectangular frame of steel channels conforming to the concrete 

s Chem. & Met. Eng., 46, 354 (1938). 
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cell bottom, with rows of parallel cathode fingers projecting along 
two opposite sides and adapted to alternate with the anodes. 


Chlorine gas 
outlet 


Hydrogen 

outlet 


Copper 
conductor ^ 
on coriho.de 


Perforated cathode 
covered with 
diaphragm 



, Caustic out/e f 
\~Graphite anodes 


H Co 

3 


Copper 
k Conductor 
Jo anodes 



Fig. 97. — Hooker Type “S” cell assembly. ( Courtesy Chemical & Metallurgical 

Engineering.) 



Fig. 98. — Circuit of Type “S” cells in plant of the Hooker Electrochemical 
Company. (Courtesy Chemical & Metallurgical Engineering .) 


Caustic liquor leaves the cell chamber through the framework of 
the cathode. 

Stuart, Lyster, and Murray state that an alkaline chlorine cell 
should have electrode surface proportional to the cube of the 
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Graph jfe\ 


linear dimension so that units might be built of any desired size ; 

the electrode surface per square foot 

Ch forme- G f f[ oor S p ace should be as great as 

possible ; there should be no diaphragm 
Br/ne , -A ^co 177 edges within the cell; and the most 

ouf!ef I 2 effective c.d. should be 60 to 70 amp. 

I ~ Co §wze P er sc b ft* of anode surface. An oper- 
ating cell room of 6,000-amp. cells is 
Graph/fe\ \ \\-Asbesfos shown in Fig. 98; operating data are 

given in Table XLIX. 

Hargreaves-Bird Cell. — The Har- 
greaves-Bird cell consists of an iron 
^ . box, lined with brick and concrete and 

1 Brine feed divided vertically along its length into 

Fig. 99. — Hargreaves-Bird three compartments by two cement- 

ceiL asbestos diaphragms made on heavy 

copper gauze which form the cathodes. The middle compart- 
ment contains the graphite anodes. Brine feed enters the 


\-Coppzr 

gauze 


14 -Asbestos 


1 Brine fee of 
-Hargreaves-Bird 
cell. 



Fiq. 1O0. — Hargreaves-Bird cell room. ( Courtesy West Virginia Pulp and Paper 

Company.) 
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? cell at the bottom of this compartment and overflows at the 
top, a portion of the brine diffusing through the diaphragm and 
being electrolyzed- There is no liquid in the cathode compart- 
ment except that which percolates through the diaphragm. 
Steam is introduced into the cathode compartment along with 
CO 2 which unites with the cathode alkali to form Na 2 C0 3 . 
The steam aids in keeping the diaphragms open. The cathode 
product of the cell is a mixture of NaCl and Na 2 C 03 . The 
cell is illustrated diagrammatically in Fig. 99, and a commer- 


cial plant is shown in Fig. 
100. The commercial units 
show extremely long life. 
Operating data are given in 
Table XLIX. The cell finds 
application in connection with 



Fig. 101. — Allen-Moore cell. 



Electron Chemical Compa?iy.) 


the pulp and paper industry. The outer cast-iron casing of the 
cell is lined with brick and cement which may be saturated with 
tar to prevent leakage. 

Allen-Moore Cell. — The Allen-Moore cell resembles the Town- 
send in certain structural features. The cell is built around a 
concrete shell with open sides and openings at the top through 
which the anodes are inserted. The construction can be seen 
from Figs. 101 and 102. Cathode compartments are bolted 
externally on both sides of the shell over the openings. These 
carry the asbestos diaphragms backed by perforated steel sheets 
which thus form the sides of the anode compartment, while the 
cathode chamber itself is formed by the external steel casing. 
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The newer type of Allen-Moore cell (Fig. 103), known as the , 
XML, shows a modified construction. In general, it consists 
of a steel tank forming the cathode compartment in which is 
suspended the multiple-compartment cathode carrying the 
asbestos diaphragm. Superimposed on this tank and cathode 
is the concrete chlorine chamber through which pass the graphite 
electrodes arranged in two parallel rows, their active surfaces 
parallel to the cathode faces. The arrangement of electrodes, 


Fig. 103. — KML type of Allen-Moore cell. 

diaphragm, and cathode is such that the diaphragm lies against 
the cathode, while between the diaphragm and active surfaces 
of the electrode is a space for electrolyte. The leading-in portion 
of the electrodes extends through the chlorine chamber and cell 
cover and is connected outside of the cell to a copper bus with 
shunts of a type that reduce the power losses to a minimum. 
Brine is admitted to the anode compartment through a special 
feeding device which maintains the electrolyte in the cell at a 
constant level higher at all times than the liquid-tight joint 
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between the anode and cathode compartments. The electrolyte 
from the anode compartment percolates through the permeable 
asbestos diaphragm and through the perforated cathode, and 
flows down the outside face of the cathode into the cell tank 
which forms part of the cathode compartment. When the cell 
is in operation, this electrolyte is decomposed into its major 
products of chlorine, caustic soda, and hydrogen, the chlorine 
being generated in the anode compartment and collected from 
the gas chamber. The caustic soda, with that portion of the 



Fig. 104 . — Buck-McRae cell, before assembly. ( Courtesy Jessup and Moore 

Paper Company .) 


cell electrolyte not decomposed, is collected in the cell tank and 
removed therefrom by gravity through a suitable seal to the 
salt caustic collection main. The hydrogen liberated in the 
cathode compartment is discharged into the atmosphere or 
utilized in some process. 

Buck-McRae Cell. — The Buck-McRae is similar in construc- 
tion to the Allen-Moore but in addition has a central diaphragm 
and cathode. The entire unit fits in an iron tank and is enclosed 
at the top by a concrete block or blocks through which the 
graphite anodes rise. Figure 104 shows the structural features 
of the cell, including the iron containing tank, the outer and 
inner diaphragms and cathodes made of expanded or perforated 
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steel, graphite anodes which are flat slabs, and the cell cover. 
The assembled cell is shown in Fig. 105. The construction of the 
cell is illustrated in Fig. 106. Simplicity of construction is a 
feature. Operating details are given in Table XLIX. The 
unit has found application in connection with pulp and paper 
manufacture. 

Krebs Diaphragm Cell. — This cell is of the vertical type with 
unsubmerged cathodes and contains, according to its capacity, 



Graphite - -|| 

Asbestos 

paper 


Caustid 1 

Fig. 105. — Buck-McRae cell, com- Fig. 106. — Buck-McRae 
pletely assembled. ( Courtesy Jessup cell. 

and Moore Paper Company.) 


one or several cathodic elements placed in cathode boxes. The 
cathodes are formed by perforated sheet boxes in the shape of a 
U or a W. Each cathode has a surface area equivalent to 1,000 
amp., but they may be overloaded 25 per cent. Commercial 
cells are built up to 7,500 amp., in which case three W-shaped 
cathodes, each of 2,500 amp. capacity, are placed in the same 
tank. Figure 107 illustrates a W-type cathode of 2,000 to 2,500 
amp. Brine feed to the cell is through a hydraulic level regula- 
tor. The feature of the cell is the ease of replacement of the dia- 
phragms. These have an average service life of about 9 months. 
The cathode, fixed to the T-iron frame, is readily lifted up. 
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Fig. 107. — Diagrammatic sketch of the Krebs diaphragm cell. 

A, cathode tank; B, perforated cathode; C, diaphragm of asbestos paper and tissue; 
D, T-iron frame to which the perforated cathode is welded; E, special joint which, together 
with joint F, insures tightness inside the cell; G, artificial graphite anodes; H, brine feed; 
I, anode box or chlorine trough, made of refractory material not affected by chlorine gas or 
by electrolyte J\ K, hydraulic joint between cathode tank A and cathode B~D ; L, caustic 
exit; M, hydrogen outlet. 
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Fig. 108. — Cell room showing 2,500-ampere diaphragm-type cells. 

Krebs and Co., Paris.) 


( Courtesy 
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The anodes, the anode box, and the cathodes are all taken out 
of the tank in one operation. Another assembly can then be 
inserted directly in the line with little loss of time. Operating 
details are given in Table XLIX and a typical cell room of 
2,500-amp. cells shown in Fig. 108. 

Nelson Cell. — The Nelson cell is rectangular in shape and 
consists of a steel tank into which is inserted a U-shaped perfo- 
rated sheet-steel cathode plate carrying the asbestos diaphragm. 
The diaphragm chamber is closed at the ends by cement-mortar 
blocks. The tank is covered at the top by a slate gas dome on 



Fig. 109. — Nelson cell, with portion of steel tank broken out showing the interior 
arrangement of the cell. 


the top of which are slate slabs supporting the anodes. 
These are 4 by 4-in. square graphite blocks into which 
cylindrical graphite connectors are threaded and which in turn 
bolt to a copper busbar on the outside of the cell. The construc- 
tion of the cell can be seen from Fig. 109. Carefully purified 
brine is fed into the anode compartment by an automatic feed. 
Steam is introduced into the cathode chamber to maintain the 
diaphragms in an open condition. Operating data of commercial 
cells are given in Table XLIX. The Nelson cell was used at the 
hlorine plant at Edgewgod Arsenal (100 tons Cl 2 per day), 
'here is no provision for circulating brine through the anode 
ompartment, so that all cell liquor eventually passes through 
le diaphragm to the cathode compartment. 
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Cylindrical Cells.— The cells of a cylindrical shape are rep- 
resented by the designs of Gibbs, Wheeler, and Yorce. It is 
claimed that they are simpler, easier, and cheaper to construct, 
and allow stronger construction for a given weight of material 
than do the rectangular designs. The graphite rod anodes are 
arranged around the inside of a diaphragm. There are no ends 
to the anode chamber as in the rectangular cells. Higher output 
per unit of floor space is claimed. From this viewpoint, cylindri- 
cal units must be small. The floor space required will be propor- 
tional to the square of the output. 



Fig. 110. — Original Gibbs cell (from U. S. Patent S74.064). 

Gibbs Cell. — The early cylindrical cell is due to A. E. Gibbs 
of the Pennsylvania Salt Manufacturing Company. Figure 110 
represents the original Gibbs cell. 9 It was first designed to 
work with a submerged cathode, and the cathode compartment 
was filled with alkali. The anodes are arranged in a circular ring 
around which are the diaphragm and the cathode. The entire 
cell was enclosed in a cylindrical sheet-steel tank. The dia- 
phragm was of asbestos and increased in thickness from top 
to bottom to allow for the difference in hydrostatic pressure and 
to cause the rate of percolation to be the same at the top and bot- 
tom. The diaphragm and cathode sheet were attached above 
and below to cast-iron rings covered with chlorine-resistant hard 
rubber. The upper of these rings rested on the outer steel casing 

9 U.S. Patent 874,064, Dec. 17, 1907. 
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and carried the chlorine dome or outlet as well as the anode 
compartment cover from which the anodes hung. 

In its commercial application, the Gibbs cell now uses an unsub- 
merged cathode with concrete replacing the rubber-covered 
cast-iron parts. Except for minor details, it is similar in most 
respects to the Vorce cell. Eigure 111 shows a Gibbs cell plant. 
Commercial operating data on the Gibbs cell are given in Table 
XLIX. 



Fig. 111. — A Gibbs cell plant. ( Courtesy Canadian Industries , Ltd.) 


' . F. G. Wheeler and L. D. Vorce were associated with Gibbs 
during the development period of the* Gibbs cell, and both later 
patented cells which bear their names. 

Vorce Cell. — The Vorce cell is of the cylindrical diaphragm 
type operating with unsubmerged cathode. The cathode is of 
steel wire mesh, or perforated metal to which are attached lugs 
and angles for clamping the vertical seam. The cathode is 
housed in the steel drum or cylinder, at the bottom of which is a 
threaded opening for withdrawing the caustic effluent with a drip 
cup attached so that the outgoing caustic liquor may be broken 
up into drops to avoid current loss. Within the cathode is 
placed the anode which consists of twenty-four 2 by 2 by 36-in. 
graphite sticks. The end of each stick is machined to pass 



ELECTROLYSIS OF ALKALI HALIDES 


365 


through an opening in the concrete cover or ring and secured 
firmly in position by a lock nut. Proper gaskets are applied, 
when making up this joint, to prevent leakage. Thus there is no 
joint in the carbon sticks within the cell with its attendant corro- 
sion and resistance. Current is supplied to each carbon by 
means of an annular copper strip punched for bolting to the 


s. Brin e feed 
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Fig. 112. — Construction of the Vorce cell. 


carbons. The method of connecting from cell to cell by flexible 
cables, called “crowfeet,’ ’ permits the assembling of the cells 
without loss of time required for close alignment which is neces- 
sary when rigid bar connection from cell to cell is practiced. 

Construction details of the Yorce cell are given in Fig. 112. 
The base of the cell carries a concrete plate or pedestal which 
holds the cathode in place. At the top the cathode is attached 
to a concrete ring which rests on the external cylinder and which, 
in turn, carries a concrete cover from which the anodes depend. 
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This cover is so shaped that it forms the chlorine bell through 
which the chlorine outlet passes. Figure 113 shows a com- 
mercial Vorce cell installation. A 1,000-amp. Yorce cell weighs 
less than 600 lb. Its features are its small floor space, efficient 
and inexpensive anodes, simplicity, accessibility, and strong 
cheap construction. Operating data on Yorce cells are given in 
Table XLIX. 

In the operation of cylindrical cells it is as important as in 
connection with rectangular units that the brine be freed from 
all lime, magnesia, and iron, and that the sulphates be prevented 



Pig. 113. — A Vorce cell room. (« Courtesy Westvaco Chlorine Products, Inc.) 


from concentrating to a point where they are subject to elec- 
trolysis. Sulphuric acid and sulphate electrolysis products 
cause anode disintegration and losses. Failure to use pure brine 
results in clogging the diaphragm, increases the concentration 
of the caustic, and depletes the salt in the anode compartment 
to a point where the current can decompose the water. The 
oxygen thus formed unites with the carbon with consequent 
increase of H2CO3 in the chlorine gas and the ultimate destruc- 
tion of the anodes. All these militate against high efficiency. 

In the design of the Gibbs and Yorce cells as used at present, 
it is possible to circulate the brine to the anode compartment 
and maintain it in a saturated, condition by running it over fresh 
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salt. Such practice is often followed, with gain in current 
efficiency. The matter of current capacity of the cells is largely 
a question of economics. The cells will run successfully at 
moderate voltages with currents of 1,000 amp. Increased 
current above that point raises the voltage slightly, thus lowering 
power efficiency. Operating below 1,000 amp. results in a lower 



voltage with higher pow T er efficiency. This is a point for each 
plant to determine by balancing power cost against added invest- 
ment. The comparatively low cost of the cell permits the opera- 
tion at a current substantially below 1,000 amp. where power 
charges are high. 

Wheeler Cell. — The Wheeler cell differs in one essential feature 
of construction from the Gibbs and Vorce units. The cell 
cover and the weight of the anodes are supported by a central 
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Table XLIX. — Electrolytic Chlorine and Caustic. — (< Continued ) 

Giordani-Pomilio Hooker type “S” Hargreaves-Bird Allen-Moore Buck-MeRae 

Cell shape Rectangular Square Rectangular Rectangular Rectangular 

Voltage across cell 3. 5-4. 2 3.28-3.45 4.2 3.3-3.80 3.6 

Current per cell, amp 3,000-3,200 normal 5,000-7,000 3,000 1,500-1,200 1,500 
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Calculated from active anode or cathode surface. 
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1 Calculated from active anode or cathode surface. 

2 Calculated from entire anode or cathode surface. 
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cylindrical pedestal made of concrete. A number of apertures 
in the pedestal allow the entrance of fresh brine which 
enters at the base of the cell. The cover, base, and pedestal 
are made of concrete consisting principally of quartz sand, 
asbestos fiber, and cement, the formed article being later impreg- 
nated with Trinidad asphalt. The diaphragm is of asbestos 
paper, the cathode of woven steel wire screen of special design. 
Graphite anode lives are stated to be as much as 2 years, and 
anode consumption of the order of 10 lb. per ton of caustic. The 



Fia. 115. — Chlorine vapor-pressure curve at varying temperatures. 

outer j acket of the cell is of sheet steel and rests in flanges on the 
concrete base. As in the Gibbs and A r orc*e cells, there is an 
adjustable feed cup for brine regulation. Operating data are 
given in Table XLIX. Figure 114 shows the construction of the 
Wheeler cell. 

Liquid Chlorine.— The transportation of liquefied chlorine has 
assumed large proportions. 10 It is shipped in seamless steel 
cylinders ranging in size from 10- to 150-lb. capacity, the smaller 
cylinders being employed for experimental purposes; or in mul- 
tiple-unit tank cars, the units being steel containers of 1-ton 

10 Wells, Mabey, and Rowland, Trans. Am. Electrochem. Soc 49, 43 
(1926). 
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capacity; or large single-unit tank cars of hammer-welded 
construction, made of steel and having a capacity of 15 tons of 
liquid chlorine at 21°C. The transportation of chlorine, the 
construction of containers, specifications for these, inspection, 
and testing are regulated by the Interstate Commerce Commis- 
sion under Group D: Compressed Gases. Chlorine is in the 
dangerous articles index of the I.C.C. 

Liquid chlorine in containers is in equilibrium with its own 
vapor pressure at the temperature of its surroundings. It is 
generally withdrawn from containers in the form of gas, although, 
if the containers be held in an inverted position, as is the case of 
cylinders, liquid chlorine may be obtained. Figure 115 gives the 
vapor-pressure curve of chlorine at various temperatures. If the 
rate of feed from a container be so rapid that evaporation within 
the container cools the liquid content materially, the pressure 
will drop, and heat will have to be applied externally to maintain 
temperature and pressure. 

HYPOCHLORITES 

It has been previously pointed out that, if the products of salt 
electrolysis be mixed, hypochlorites will result from the reaction 

Cl 2 + 2NaOH t± NaCl + NaCIO + H 2 0 

or from the slower reaction 

Cl 2 + H 2 0 HC10 + HC1 

where self-oxidation and reduction of the chlorine take place, in 
that molecular chlorine (with an assumed zero valence) is 
reduced to chloride ion (in which the chlorine valence is — 1) 
and oxidized to hypochlorite (in which the chlorine valence is 
-hi). It follows that hypochlorite produced from chlorides 
involves a valence change of 2 and, per equivalent, requires 2 
faradays. The summary reaction is therefore: 

2NaCl 4- 2HOH : fc 2NaOH + Cl 2 -h H 2 
Cl 2 + 2NaOH : ► NaCl + NaCIO + H 2 0 
NaCl -f- HOH : t NaCIO + H 2 

which is almost quantitative if temperatures be kept low so that 
maximum chlorine concentration be obtained. The effect of 
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temperature on the solubility of chlorine in brine and water is 
given in Fig. 116. 11 

Under equilibrium conditions, HCIO concentration will be 
high at the anode and formation of chlorate by chemical reaction 
is possible, 

2HC10.+ HCIO -> HCIO 3 + 2HC1 

while at the cathode, as a result of mixing and migration, HCIO 
concentration will be low. Some losses may occur by cathodic 
reduction or by freshly liberated (nascent) hydrogen: 

HCIO + H 2 HC1 4- H 2 0 


Conditions of hypochlorite concentration may be reached 
where the oxidation at the anode may be balanced by the reduc- 



tion at the cathode ; zero yield will then result. The addition of 
soluble chromates or sulphonated oils to the electrolyte forms 
thin cathode diaphragms of insoluble chromates which markedly 
decrease cathodic reduction. These diaphragms are broken 
down by acidic or alkaline conditions, so that almost neutral 
electrolytes are preferred. 

11 Hooker, Chem. & Met. Eng., 23, 964 (1920). 
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The electrolysis of a brine solution follows a course such as that 
given by Foerster 12 in Fig. 117. At equilibrium, chlorine produc- 
tion consumes two-thirds of the current, the chlorine reacting 
with NaOH to give hypochlorite, while C10~~ ion discharge 
consumes the remainder. C10~ ion discharge gives free oxygen, 
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Fig. 117. — The course of a typical electrolysis of a neutral brine solution. 
Electrolyte, saturated NaCl + 0.2 per cent K 2 OO 3 ; temperature, 12°C.; anode 
c.d., 0.43 amp. per sq. in. (0.067 amp. per cm. 2 ) ; solid lines platinized platinum 
anodes, dotted lines smooth platinum. 


while chlorate oxygen results ultimately from the chlorine- 
caustic reaction 13 summarized as 


6010““ + 3H 2 0 -> 6H+ + 2C10 3 - + 4C1- 

and 


and 

Cl~ + Cl- Cl a + 2e 

An analysis of the curves shows that hypochlorite formation 
rises rapidly and becomes constant and that chlorate formation 

12 “ Elektrochemie wasseriger Losungen,” p. 672, Johann Barth, Leipzig, 
1923. 

13 Fqerster and Muller, Z. Elektrochem 8, 665 (1902). 
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becomes important when hypochlorite formation rate slows down. 
The chlorate formation continues so that, at 66.7 per cent current 
efficiency, hypochlorite concentration is constant but NaC10 3 is 
still increasing. Oxygen production at the anode and hydrogen 
at the cathode consume the remaining portions of the current. 
The industrial production of hypochlorite solutions employs 
electrode arrangements allowing undisturbed diffusion layers 
at the anode, neutral electrolytes, low temperature, high anodic 
c.d., the use of additions which form cathode films, concentrated 
NaCl solutions, and, if possible, platinized platinum electrodes. 

In commercial cells carbon or graphite electrodes are employed 
for large-scale units. In general, the electrodes are bipolar, 
being connected in series, the electrolyte circulating from one 
end of the containing tank to the other between the electrodes. 14 
In the United States hypochlorite solutions are ordinarily made 
by dissolving chlorine gas in caustic solutions. In this country 
electrolytic hypochlorite cells are available only in small sizes 
for small uses of the product. In Germany much greater devel- 
opment has taken place of large-scale hypochlorite cells. 

14 Engelhardt, u Hypochlorite and elektrische Bleiche,” p. 160, Tech- 
nischkonstruktiver Teil. 



CHAPTER XVIII 

HYDROGEN AND OXYGEN 

Commercial hydrogen and oxygen cells are built entirely of 
iron or steel, insulating materials, and asbestos cloth for dia- 
phragms. Every effort is made to have simple and inexpensive 
construction. Great care is taken to reduce all contact voltages 
to a minimum so as to obtain the lowest possible cell voltages. 
Present-day cells are so well designed that per unit of current 
almost theoretical yields of the gases are obtained. The electro- 
lyte ordinarily employed is an alkaline solution of either 15 per 
cent NaOH or its equivalent KOH. 

Except in regions where power is very cheap, hydrogen produc- 
tion is carried on at low cost by methods involving the utilization 
of steam and iron or water gas or natural gas. 1 In industrial 
centers oxygen may be more cheaply manufactured by liquid air 
methods. For certain industrial operations, very high purity 
hydrogen is required, as, for example, in the hydrogenation of 
oils to produce solid fats where ordinarily electrolytic hydrogen 
is preferred. Many electrolytic hydrogen installations have 
been economically possible only where hydrogen of high purity 
was desired and the by-product oxygen could be profitably’ 
disposed of. The situation is somewhat different, however, in 
isolated localities where cheap power is available. Very large 
installations of electrolytic hydrogen plants have been made in 
regions of cheap power located at considerable distances from 
industrial centers where the hydrogen is employed for fixation 
of nitrogen as ammonia by pressure processes, which in turn is 
employed in the manufacture of fertilizers. 

Types of Cells. — All the important industrial cells are of the 
diaphragm type but differ considerably in the arrangement of 
their electrodes, diaphragms, external containers, gas outlets, and 
assembly in batteries. The I.O.C. unit tank, the Levin or 

1 Taylor, ‘‘Industrial Hydrogen,” Chemical Catalog Company, Inc., 
New York, 1921. 
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Electrolabs and its successor the Gas Industries generator, the 
Knowles, and the filter-press type of cells will be described. A 
large number of I.O.C. cells are in use but the unit is no longer 
manufactured. A similar situation holds for the original Levin 
cell. The units in commercial operation produce pure gases, 



Fig. 118 . — Sectional view of I.O.C. unit generator. 


the oxygen being 99 per cent or better and the hydrogen 
99.5 per cent or better, at current efficiencies approaching 100 
per cent. The voltages on the cells are the summation of the 
decomposition voltage of water (1.23 at room temperature), the 
oxygen and hydrogen overvoltage, plus those necessary to over- 
come the electrolyte resistance and the ohmic resistance of the 
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electrodes, contacts, and terminals. In all cases the raw material 
for electrolysis is distilled water. In continental Europe there 
have been developments of nondiaphragm cells and equipment 
for electrolysis of water under pressure. 

Unit Generators. — The details of construction of the I.O.C. 
unit generator are shown in Fig. 118. It consists of a cast-iron 
body divided into two vertical compartments by means of an 
inner diaphragm of woven asbestos. A nickel-plated cast-iron 



anode is located on one side of the diaphragm and insulated from 
the cast-iron body , the cast-iron cathode being located in a similar 
position on the other side. A reservoir for the electrolyte is cast 
as an integial part within the head of the generator body. The 
same holds true for the outlets for oxygen and hydrogen. A 
simple anangement of chambers and water seals acts as an auto- 
matic internal pressure equalizer. The entire unit stands on 
two insulating bases. Individual units are about 3 ft. 6 in. 
wide, 7 ft. high, and about 4 in. thick. Cell voltages, depending 
upon the number of units connected in series, are from 2.2 to 
2.5, the current per cell being 600 to 1,000 amp. In practice 
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it is usual to arrange the units in batteries of 5 to 60 cells electri- 
cally connected in series. 

The Levin or Electrolabs cells is also of the unit type, its con- 
struction being shown in Eig. 119. The body of the cell consists 
of two sheet-metal frames between which is an asbestos dia- 
phragm. Anolyte and catholyte compartments contain the 
nickel-plated sheet-steel anode and the cobalt-plated sheet-steel 
cathode respectively. Both platings were made to reduce over- 
, voltage. Each compartment of the cell has an independent 
water feed which serves as a blowoff device to vent the 
gas from each compartment under abnormal conditions. The 
250-amp. cell is 30 by 25 by 
6J4 in., weighing 145 lb. and 
having a production of 4 cu. ft. 
of hydrogen per hour; the 600- 
amp. unit is 43 by 37 by 8 % in., 
weighing 325 lb. and having a 
capacity of 9.6 cu. ft. of hydro- 
gen per hour. The cell mem- 
bers are welded together and 
rigidly assembled. In practice, 
units are connected in batteries 
electrically in series. 

The Gas Industries Company 
unit generator is a development 
of the original Levin cell, em- 
bodying most of the structural 
features of the Levin anode 
and cathode. They are built 
for capacities of 400 to 2,500 
amp., a 1,250-amp. cell deliver- 
ing 20 cu. ft. of hydrogen per 
hour. The cell construction is shown in Figs. 120 and 121. 
The anode and cathode are located on opposite sides of an 
asbestos diaphragm dependent from a cover closing the welded 
sheet-steel tank which serves as container for the unit. 

Knowles Cell. — The Knowles cell consists of a sheet-steel tank 
in which are immersed anodes and cathodes underneath sheet- 
steel gas-collecting bells. Alternate electrodes are surrounded 
by asbestos diaphragms which are hung from and supported by 
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Fig. 121. — The major parts of a unit generator. 
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Fig. 122. — Sectional view of Knowles cell. 
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the sheet-steel bell above that electrode. The construction of the 
cell is shown in Fig. 122. The electrodes are of heavy steel plate 
at least Jis in. thick. They are hung from the collecting bells but 
electrically insulated from them. The electrical connections of 
adjacent electrodes are staggered. Hydrogen and oxygen are 
taken off at the top of alternate collecting bells. A number of 
these units are assembled in a rectangular tank and a skirting or 
tank diaphragm provided around the inside of the tank. The 



123. — A Knowles plant showing twenty 2,166-ampere cells. ( Courtesy 
International Electrolytic Plant Company.) 


bells, which in turn carry the electrodes and the diaphragms, are 
themselves carried on the edges of the steel container. A typical 
small Knowles cell installation is shown in Fig. 123. 

The electrolyte is generally an 18 to 20 per cent NaOH solution, 
although a number of plants employ a 25 to 30 per cent KOH. 
With the latter, the production of gases per kilowatt-hour is 
slightly higher, but the electrolyte is much more costly. Experi- 
ence has shown that the diaphragms and insulators are not so 
durable with KOH as with NaOH. The anodes are given a mat 
surface and coated heavily with nickel. With ordinary care they 
have an operating life of 10 years. The diaphragms are sewn 
on strips of iron w T hich are forced up between adjacent gas 
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bells and secured there, making a gastight joint. They hang 
down loosely between the electrodes and extend a considerable 
distance below the lower edges. They are thus under no strain 
and float freely in the electrolyte. The gas offtakes are S-shaped 


pipes with glass tubes placed in them as 
insulators. In operation the temperature 
of the cell is controlled at 60 to 65°C. A 
typical Knowles 3,000-amp. cell would be 
4 ft. 1 in. long, 2 ft. 5 in. wide, and 2 ft. 
7 in. deep, operating at a voltage of 2.125 
to 2.25, producing 48.4 cu. ft. of hydrogen 
per hour at the rate of 7.6 cu. ft. of 
hydrogen per kilowatt-hour, the corre- 
sponding figures for oxygen being half of 
these. The hydrogen purity is 99.75 and 
oxygen 99.5. Figure 124 gives the cur- 
rent-voltage relation for a 3,000-amp. cell 
designed to operate at 2.25 volts. The 
current efficiency of the cell is more or less 
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Fig . 124 . — Current- voltage 
curve of a 3,000-ampere 
Knowles cell. 


Fig. 125. — Relation of 
power consumption to 
voltage in a Knowles 
cell. 


constant, irrespective of load, so that the power consumption 
per unit of gases varies as the voltage. Figure 125 shows the 
relation between power consumption and cell voltage. 

In contradistinction to the unit cells of the I.O.C. and Levin 
types, numbers of sets of anodes and cathodes in the Knowles 
cell are in parallel in the containing tank, and electrical connec- 
tion is then made so that the entire group is in series with other 
similar groups. 
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Cell Capacity. — Manufacturers of H 2 ~0 2 cells do not talk in 
terms of c.d. in reference to anodes and cathodes, in that the 
term is misleading in this connection. Knowles states 2 that 
during the early stages of research in connection with the manu- 
facture of cells, it was discovered that c.d. is not controlled by 
plate area. This seems contrary to theory. If, however, the 
width of an electrode be doubled, its capacity is doubled; but if 
the depth of an electrode be doubled, its capacity is not similarly 
affected in that the upper portions of the deeper electrode are in 
contact with an electrolyte of higher resistance as the result of the 
larger volume of gas mixed with the electrolyte in this area. 
Similarly, in actual practice it has been found that resistance of 
the electrolyte between two opposite poles is not in proportion 
to the distance between these poles, in that as the poles are 
brought nearer, the intervening electrolyte has a greater number 
of gas bubbles in it. In the case of cells with electrodes having 
numerous points or projections cast on them, they were originally 
assembled with the points almost touching the diaphragm. It 
was found that, if these electrodes were placed in* further apart, 
the resistance was actually reduced instead of being increased. 
When electrodes having projections on them were studied in 
glass tanks, it was found that gas production was concentrated on 
those points closest to each other and that recesses on the elec- 
trodes hardly produced any gas. If c.d. were calculated on the 
effective area exposed by the corrugations or raised surfaces, the 
c.d. would be very high; but if all the area of such an ornamental 
type of electrode be considered, the c.d. would be absurdly low. 

Filter -press Cells. — The plate and frame filter press with 
recessed plates has been modified to serve as a H 2 -0 2 generator, 
where asbestos diaphragms take the place of filter cloths. The 
design is employed for small laboratory units to be operated on 
standard line voltages. The plates are bipolar electrodes made 
of slightly corrugated cast iron which is nickel-plated. The 
diaphragms are of asbestos with rubber gaskets which serve as 
insulators between adjacent plates. Each plate except the end 
ones has three holes, one on each side at the top to lead off the 
two gases, and one at the bottom for the electrolyte. In the 
laboratory cells built in the United States the electrolyte is a 

2 private communication from A. Edgar Knowles, International Elec- 
trolytic Plant Co., Sandy croft, Chester, England. 
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20 to 30 per cent NaOH. A sufficient number of plates are 
connected together so that, depending upon the load, when 2.0 
to 2.5 volts are used per compartment, the unit may be operated 
on a 110-volt circuit. Each compartment connects through 
channels, similar to those in a plate and frame filter press, to a 
central offtake for oxygen and hydrogen which pass out through 
sight glasses, and the pressure on the two sides of the diaphragm 
can be equalized. Under careful operation hydrogen purity does 
not fall below 99 per cent, being closer to 99.5. This type of unit 
has found commercial application where only small quantities 
of hydrogen are desired. 

In recent years, particularly in Europe, there has been a rather 
extended development of the filter-press type of cell employing 
metallic diaphragms, the units being built of very large size. 
As the result of different economic conditions and the employ- 
ment of electrolytic hydrogen in connection with ammonia 
synthesis, electrolysis of water has been more widely employed 
in Europe than in the United States. As a result the subject 
has been more extensively studied and a number of different 
types of cells of large capacity have been developed and used. 

The tank type of H 2 -0 2 cell was criticized because of its com- 
parative bulkiness, relatively large floor-space requirements, as 
well as its inability to be connected up to standard voltages 
except in series. The filter-press type of cell, either operating 
under normal pressures or operating under increased pressures, 
was held up as a model. Weakness of diaphragm and failure of 
diaphragms in service were serious objections. These objections 
were supposedly entirely overcome by perforated sheet-metal 
diaphragms, an example of which was the perforated sheet metal 
of the Pechkranz cell in an installation of 300 cells taking 108,000 
kw. This installation was followed by another one, but not so 
large, at the plant of the Consolidated Mining and Smelting Co.' 
at Trail. 3 

The Pechkranz electrolyzers can be operated at from 2 to 2.5 
volts per cell, and up to 150 cells can be built in one electrolyzer. 
Two units of 140 cells in series can take 700 volts and up to 

2.500 amp. Each unit will absorb 875 kw. and yield over 

5.500 cu. ft. of hydrogen per hour, at power consumptions of the 
order of 125 to 170 kw. per cu. ft. of hydrogen, depending upon 

3 Elworthy, Chem. & Met. Eng., 38 , 714 ( 1931 ). 
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the percentage load. Circular iron, sheets constitute the elec- 
trodes, and 25 per cent KOH is used as electrolyte. 

The feature claimed for the Pechkranz cell was the perforated 
diaphragm. Surging of the electrolyte markedly damaged the 
nickel diaphragms, so that they proved to be too fragile for con- 
tinued use and were subjected to material alterations for success- 
ful operation. 

A typical large-scale filter-press type of electrolyzer employing 
metal diaphragms is shown in Fig. 126. 



Fig. 126. — Type C200 Bamag H 2 -O 2 electrolyzer, 8,500 cu. ft. of hydrogen per 
hour at 5,360 amp. and 216 volts. ( Courtesy Albert H. Bruecke.) 


Electrolysis under Pressure. — An interesting phase of this 
development is pressure electrolysis of water. In contradistinc- 
tion to normal operation under slightly greater than atmospheric 
pressure, the water is electrolytically dissociated under pressures 
as high as 200 atmospheres, or approximately 3,000 lb. Since 
the confining space does not change while the amount of gas 
constantly increases, the pressure will continue to rise. A large 
amount of time and effort has been spent in ail endeavor to 
promote pressure electrolysis, since inventors sensed an oppor- 
tunity for saving compressors. 
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As in electrolysis under atmospheric pressure, one-third of the 
gas volume consists of oxygen and two-thirds of hydrogen. The 
quantities generated are proportional to the current; and as long 
as the pure gases are separated as produced, the quantity is 
practically independent of the nature of the equipment. The 
chief difficulty encountered was the economic production of 
sufficiently pure gases, while problems of construction, such as 
strength of materials and the prevention of leakage, were likewise 
to be considered. Insulation was another factor, particularly for 
an arrangement of cells in series. 

In experiments on a laboratory scale little trouble was experi- 
enced in maintaining the purity of gases with low voltages, 
provided the apparatus was absolutely tight and the gases were 
kept in a strict 2:1 ratio. In practice, however, these conditions 
were not so easily maintained because arrangement in series is 
necessary for normal voltages but difficult for pressure electrolysis 
due to leakage. Furthermore, an even removal on both sides, 
necessary to avoid changes in the volume ratio, is not easily 
accomplished. At 200 atmospheres, for example, a difference in 
pressure of only 5 per cent will result in a net pressure of 10 
atmospheres on the fragile separating walls. In pressure cells 
where the arrangement of the electrodes effects the separation, 
the gas under higher pressure forces the electrolyte to the opposite 
part of the cell. In addition the heat and gas bubbles may cause 
motion and mixture of the electrolytes and the entrained gases. 

Pressure Cells. — A typical electrolyzer is given in Fig. 127. 
The tubes indicated by A are the actual pressure cells, through 
the axis of which run the negative nickel electrodes generating the 
hydrogen. Each of the latter is surrounded by a concentric 
separating wall, the walls in turn being surrounded by concentric 
positive electrodes which generate the oxygen. The electrolyte 
used is KOH. Current is supplied to the positive electrodes at 
B y the vessel itself serving as conductor. The current passes 
through the separating wall (not shown) to the negative elec- 
trode, leaving the cell at its cover C. For operation at normal 
voltages the cells are arranged in series in a certain definite order. 

The oxygen rises up along the outer section of the pipe A, 
collects in the passages of the distributor D, then enters the 
holder G by valve F, and finally flows to the cylinders through 
the pipe L. Completely separated from the oxygen by the 
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intervening wall, the hydrogen rises along the axis of A, collects 
in the other passages of the distributor D, and flows through the 
valve E to the holders H and I and through the pipe K to its 
cylinders. 

The two electrolyte chambers are connected by a compensating 
line M, to which the replacement water for the electrolyte is fed 
at N. This compensating line has a large capacity in order to 
prevent one half of the electrolyte from running into the other 
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Fig. 127. — Design of electrolyzer producing gas at 150 atmospheres pressure. 


when there is a difference in pressure. Its great length allows 
of such a small cross section, however, that the velocity of the 
feed water for the electrolyte greatly exceeds that of the gases 
tending to enter the compensating line. This is the first applica- 
tion in pressure cells of an elastic compensation which will react 
to the slightest variations in pressure. A special device is also 
provided to bring the various elements back to a state of equi- 
librium. The check valves O and P serve to cut off the cells from 
any unlooked-for difficulties arising outside. 

The energy consumption of a pressure electrolyzer is from 3 
to 3.5 kw.-hr. per m. 3 of hydrogen at 20°C. and 760 mm. of 
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mercury. In tests the guaranteed purity of 98 per cent was 
exceeded, 99.1 per cent oxygen and 99.8 per cent hydrogen being 
produced. 

In operation the cells are first subjected to a higher voltage 
than that necessary for decomposition. A current begins to 
flow which increases with rising voltage and the cylinders to be 
filled are connected. When the desired pressure of 150 or 200 
atmospheres has been obtained, the cylinders are removed and 
new ones connected, and the pressure drops again corresponding 
to the volume. 
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Fig. 128. — Variation of current with voltage in a cell at different pressures and 

temperatures . 

The relation of current and voltage in a cell for different 
pressures and temperatures is given in Fig. 128. It is evident 
that at rising pressures dissociation requires lower voltages than 
at atmospheric pressure, and furthermore that the pressure rise 
reduces the voltage more than the higher temperature alone. 
A saving is thus effected not only in compressors but also in the 
energy required as compared with ordinary dissociation, since 
the voltage drop is a measure of the energy consumption. 

The minute gas bubbles formed at the electrodes have such 
a tremendous surface tension that the 150- or 200-atmospheres 
pressure in the gas chambers becomes insignificant in comparison. 
Hence the difference in the energy required to produce the gas at 
normal and at the higher pressure is slight. On the other hand, 
it was found that the liberated gas bubbles which affect the 




HYDROGEN AND OXYGEN 


389 


electric path are compressed as the pressure increases and because 
of their reduced volume lower the electrolyte resistance. Simi- 
larly the polarization due to the bubbles that adhere to the 
electrodes is reduced as the pressure rises. These reductions 
of the electrode voltage in pressure electrolyzers outweigh the 
opposite factors, so that the total voltage decreases with a rising 
pressure. 



CHAPTER XIX 

ELECTROLYSIS OF FUSED SALTS 

Molten salts are good conductors of electricity and their 
conductivity is of an electrolytic nature. The anode and cathode 
products are analogous to those from aqueous solutions. Thus 
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Fig. 129. — Electrical conductivity of molten salts and bases. 

PbCl 2 gives lead and chlorine, NaCl gives sodium and chlorine, 
NaN0 3 gives sodium together with oxygen and nitrous gases. 

The conductivities of molten salts are considerably greater 
than the conductivities of the same salts in aqueous solution. 
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The conductivity of a number of fused electrolytes and the 
variation with temperature are shown in Fig. 129. It can be 
seen that the effect of temperature is to increase conductivity 
as a straight-line function. Increase of temperature decreases 
viscosity, and conductivity varies inversely with viscosity in 
most cases. Conductivities of fused salt mixtures do not usually 
follow the straight line connecting the two components, but 
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Fig. 130. — Conductivities of salt mixtures in molten state. 


deviate from the mixture law. 1 Figure 130 for KC1, NaCl, and 
CaCb mixtures shows that the combinations have appreciably 
higher resistances or lower conductivities than the components. 
Measurements of these values do not involve difficulties, as 
the procedure is similar to that employed for resistance 
measurements. 

Current Efficiency. — The validity of Faraday’s law for the 
electrolysis of molten salts has been rigorously proved. 2 The 

1 Sandonnini, Gazz. chim. ital 50, I., 289 (1920). 

2 Lorenz and Helfenstein, Z. anorg. Chem 23, 255 (1900); Richards 
and Stull, Z . physik. Chem., 42, 621 (1903). 
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factors which lower current efficiencies under ordinary conditions 
are of greater importance at high temperatures. Chemical 
reaction velocity is higher, and diffusion is markedly increased. 
Anode and cathode products must be prevented from mixing, be 
restrained from reacting with the gases of the atmosphere as 
well as the electrolyte, otherwise lowered current and energy 
efficiencies will result. Major sources of losses of electrode 
products are (1) distillation or volatilization or even subliming 
of metals, which may be reduced by temperature control; (2) 
mixing of electrode products by diffusion, which may be decreased 
by employment of diaphragms; (3) formation of metal fog; and 
(4) reaction with the gases in the atmosphere above the electrodes. 
Current efficiency and yields vary inversely with temperature. 
When c.d. is raised, the upward rate of cathode material produc- 
tion is greater than the increase in diffusion which causes loss of 
electrode products, so that there might be an increase in current 
efficiency. The value of current efficiency may be zero at low 
c.d. if the losses are greater than or equal to the rate of formation 
of electrode product. The maximum c.d. is set by heating 
effects due to electrode-to-electrolyte drop, electrode polariza- 
tions and resistance of the electrolyte, as well as anode effect and 
metal fog, all of which increase the cell voltage and at times give 
abnormal values. In unusual cases subsalts may be formed 
between the metal and the fused electrolyte, or the metal may 
dissolve in the electrolyte, as in the case of molten NaOH, to 
form a true solution. 

Many base metals may be melted under a covering layer of 
salts of the metal without solvent effect by the salt on the metal 
itself. As the temperature is raised, the salt becomes a solvent 
to a greater or less degree for the metal, the effect reaching an 
equilibrium point which is a temperature function. With 
decrease of temperature, saturation effects cause precipitation of 
the metal which is in the form of u fog ,? or clouds. The “ dis- 
persed” metal settles down. In fused salt electrolysis, metal fog 
formation may color the electrolyte. Such a condition is stable 
only in the absence of contact with massive metal, oxygen, or 
oxidizing agents, in that the color vanishes when oxidants are 
introduced, but may be produced or restored by small amounts of 
reductants. The metal in fog form is much more reactive (as a 
result of its finely divided condition) than is massive metal. 
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Lorenz 3 showed the “ fogs” to be colloidal and contain less than 
0.1 per cent metal. Neutral salts 4 prevent fog formation to some 
extent, an action which may be measured during electrolysis by 
the effect on the cathodic c.d. 
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Fig. 131.- -^Effect of addition of salts to fused PbCls on its electrolysis. 

Lorenz 5 studied the effect of sodium, potassium, and barium 
chlorides on the electrolysis of PbCl 2 , the results of which are 
given in Fig. 131. The effect of the salt additions is greater at 
higher temperature where the onset of fog is easier and more 
persistent. FeCL additions lower the yield, but the low boiling 

3 Lorenz and Eitel, Z. anorg . Chem ., 91 , 46 (1915); Lorenz, van Hevesy, 
and Wolff, Z. physik. Chem ., 76 , 732 (1911). 

4 Lorenz, “Die Elektrolyse geschmolzener Salze,” Wilhelm Knapp, 
Leipzig, 1923. 

5 Z. Elektrochem 13 , 582 (1907). 
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point and the decomposition of this salt might also be a factor. 
Appelberg’s results of this effect are plotted in Fig. 132. 6 The 
anodic oxidation and cathodic reduction of Fe 4- * and Fe 4 ^ 4 - salts 
may be a controlling factor. 

Decomposition Voltage- — In the case of aqueous electrolytes, 
it has been seen that the e.m.f. of the cells depended upon the 
concentration of the solution. With pure fused salts, questions 
of concentration do not enter; hence the reversible e.m.f. of the 
cell depends upon the nature of the electrodes, the electrolyte, and 



Fig. 132. — Effect of EeCl3 additions on current efficiency of PbCl2 electrolysis. 

the temperature. The decomposition voltage varies in a like 
manner. Obviously the two values will be equal. With mix- 
tures of salts the e.m.f. will depend upon the concentration of the 
salt corresponding to the metals used as electrodes. 

The decomposition voltage for simple fused salts is affected 
by temperature, higher temperatures with lower viscosities of 
the salts causing lower decomposition potentials. A number of 
these are plotted in Fig. 133. Ionization or dissociation of fused 
salts is a direct function of temperature. 

The useful work obtainable from a chemical reaction is meas- 
ured by the reversible e.m.f. of the primary cell employing the 
reaction. This e.m.f. is markedly affected by temperature, a 
wide range of which is possible with fused salts in contrast to 


6 Z. anorg. Chem., 36 , 36 ( 1903 ). 
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aqueous electrolytes limited by the evaporation or boiling of the 
solvent. With electrolytic processes corresponding to the 
reaction fused salt — ■> metal + halogen or nonmetal, which is 
typical of the kind of process employed industrially, the e.m.f. 
or decomposition voltage diminishes as the temperature rises. 
It would be advantageous in the electrolysis of fused salts, at least 
from the viewpoint of the necessary voltage, to employ tempera- 



Fig. 133. — Variation of decomposition voltage of fused salts with temperature. 

tures as high as possible. With increase of operating tempera- 
tures, however, the necessary repair and maintenance charges on 
the equipment, the increased difficulty of operation, as well as 
larger heat radiation losses, become increasingly important 
factors. In addition, decreased current efficiencies would result, 
as has been shown in previous discussions, with correspond- 
ing decreased energy efficiencies and greater power consumption 
per unit of product. 

Polarization and Anode Effect. — A troublesome phenomenon 
known as the tc anode effect” often occurs during the electrolysis 
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of fused salts. Without any obvious external cause, the voltage 
suddenly increases markedly; the amperage decreases; a soft, 
rustling, hissing sound is heard like the discharge of a small 
induction coil; and the anode seems to be covered by myriads of 
little luminous spark discharges. The molten electrolyte, which 
had been in intimate contact with the anode, shrinks away from 
it and does not appear to wet it. The smooth normal evolution 
of gas around the anode ceases. These occurrences are summed 
up in the all-inclusive term anode effect. 

Other changes occur at the same time, appearing to result from 
the phenomenon rather than contribute to it. If the anode effect 
occur with a fairly high frequency, rheostats and busbars in the 
circuit may rattle and vibrate; if the frequency be high enough, 
they may give off a musical tone. These sounds always give 
warning that the anode effect is taking place in the fused elec- 
trolyte. On account of the high resistance and the numerous 
small arcs, the anode and the electrolyte in its immediate vicinity 
become much overheated. This overheating causes very rapid 
consumption of the anode, which sometimes burns off above the 
level of the electrolyte, and may cause a lowered yield of product. 
A very important result of the anode effect in commercial installa- 
tions is a large unproductive power consumption. 

During the normal course of electrolysis, the anode is sur- 
rounded by gas bubbles which are constantly escaping from it. 
They appear to form on the anode, break away easily, and escape 
from the electrolyte. Smooth evolution of gas around the anode 
is a sign of normal operation. The moment the anode effect 
occurs, the electrode seems to be entirely surrounded by a film 
of gas. This covers the surface of the anode and pushes the fused 
electrolyte away, producing the so-called “non wetting” of the 
anode. Small arcs form between the electrolyte and the anode. 
Complete interruption of the current does not occur, as some 
current is being carried by these arcs which are continually 
shifting. The arcs cause local heating, volatilizing some bath 
material or producing sufficient gas so that the individual 
arcs are almost immediately broken. New arcs form, as the 
bath film near the anode must necessarily be uneven in character, 
and momentary contacts take place between the anode and bath. 

The experimental observations and explanations of those who 
have studied the anode effect appear complex and confusing. 
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They all seem, nevertheless, to fit into a broad, general view of the 
phenomenon. The detailed explanation in any particular case 
may differ from that in other cases. What seems to be a cause in 
one case may be an effect in another. 

Assume first that the anode effect is the formation of a gas 
film surrounding substantial portions of the anode. The film 
prevents the electrolyte from wetting the anode. The result is 
observed in the formation of myriads of tiny arcs, since the cur- 
rent must pass from anode to electrolyte through the gas film. 
Once the gas film has been established, it tends to perpetuate 
itself, since the arcing generates an excessive amount of localized 
heat which causes the gas to expand. There is then a consider- 
ably higher voltage drop from anode to bath. This involves a 
greater expenditure of power, and tends also to maintain the 
anode effect. 

The factors which interrupt the regular normal evolution of 
gas at the anode by causing the formation of a high resistance 
gas film may be many. They may vary from time to time in the 
same electrolytic operation. Any condition which tends to 
produce a local overheating on the surface of the anode may 
start a train of events which results in the anode effect. A high- 
resistance film of solid material may form on the anode surface. 
This film may consist of impurities left on the surface of the anode 
by the continued consumption of carbonaceous material; it may 
consist of some relatively insoluble constituent of the electrolyte 
which has migrated to the anode and adhered to it, or it may 
consist simply of frozen electrolyte which has become attached 
to the anode through local cooling of the bath. 

As this high-resistance film forms, the c.d. increases in other 
areas, the voltage drop and the expenditure of power increase, 
and local overheating may start the formation of an anode effect 
(gas film) at one or two points. Too high a c.d. may be an 
important factor in providing the initial impetus for the anode 
effect. Moreover, either too hot or too^ cold an electrolyte may 
start the anode effect. Too cold an electrolyte may cause 
freezing on parts of the anode surface, increasing the c.d. on other 
parts. Too hot an electrolyte will bring operations into a field 
which is sensitive to the anode effect. 

Surface tension plays a part in the delicate balance between 
wetting and nonwetting of the anode by the electrolyte. In 
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some cases an electrolyte of high viscosity might permit the 
retention on the anode of solid material which would start the 
local overheating. 

The anode effect will disappear, of course, when the surface of 
the anode is cooled, or the c.d. so reduced that the gas film 
collapses and the normal evolution of gas is resumed. It will 
not reoccur until a certain combination of circumstances permits 
the reestablishment of the high-resistance film. 

The anodic c.d. at which the anode effect begins varies with the 
type of electrolysis and temperature, ranging from 4 to 5 amp. 
per cm. 2 with carbon and 7 to 8 amp. per cm. 2 with graphite. 
The phenomenon has been observed with halides of lead, cad- 
mium, silver, the alkali and alkaline earth metals, magnesium, 
cerium, aluminum; with complex electrolytes of aluminum 
fluorides, and with commercial electrolytes. 7 Anode effect 
occurs most readily with fluorides and least with iodides. 
Halides of carbon are sometimes formed with loss of weight of 
the anodes. 

Just as in aqueous solutions, the various metallic components 
of a mixture may be separated in the molten state, since the 
different fused salts exhibit differences in decomposition potential. 
The constituents may tend to alloy among themselves, thus 
depolarizing each other’s discharge and complicating results. 
Figure 134 shows the results obtained by Lorenz 8 from a mixture 
of the chlorides of silver, lead, and zinc. The abscissae represent 
the quantity of electricity passed since the beginning of electrol- 
ysis, and the ordinates the composition of the cathode product 
removed from the cell at the corresponding intervals of time. 
The silver is deposited first, then the lead, and finally the zinc. 

Electrolysis. — Lorenz, 9 in his investigations of a large number 
of fused electrolytes, found that the behavior of these differs 

7 See Hulin, Z. angew. Chem., 11 , 159 (1898); Lorenz and Czepinski, 
Z. anorg. Chem., 19 , 246 (1899); Muthmann, Hofer, and Weiss, Lieh. Ann., 
320 , 237 (1901); WOhler, Z . Elektrochem., 11 , 612 (1905); Arndt and 
Willner, Ber., 40 , 3025 (1907); Oettel, Dissertation, Dresden (1908); 
Kailan, Z. anorg. Chem., 68 , 141 (1910); particularly Frary and Badger, 
Trans. Am. Electrochem. Soc., 16 , 185 (1909); Oesterheld and Brunner, 
Z. Elektrochem., 22 , 38 (1916); Arndt and Probst, ibid., 29 , 323 (1923); 
Taylor, Trans. Am. Electrochem. Soc., 47, 301 (1925). 

8 Z. anorg. Chem., 10 , 78 (1895). 

9 “Die Elektrolyse geschmolzener Sake,” Wilhelm Knapp, Leipzig, 1923. 



ELECTROLYSIS OF FUSED SALTS 


399 


markedly in a number of respects from the behavior of dilute 
aqueous solutions. Recently the equilibria between fused 
salts and molten metals were studied by Lorenz and Fraenkel. 
They have recorded the effect of diluents to the salt phase and to 
the metal phase in various reactions . 10 Results obtained depend 
greatly upon whether or not the diluent be a strictly indifferent 
salt or metal. The results are given in detail and the most 
probable explanation presented. The law of mass action, which 
Holds rigidly for dilute solutions and ideal gases, does not apply 
to fused electrolytes. However, Lorenz develops a modified 
equation for the law of mass action which does apply to condensed 
systems. 



40 80 120 160 200 240 280 320 360 400 

Ampere-Minutes 

Fig. 134 . — Relation, of composition of cathode products and current during 
electrolysis of a mixture of fused chlorides of Ag, Pb, and Zn. 

Aten, Hertog, and Westenberg 11 investigated the electrolysis 
of fused electrolytes in which the resulting metal was deposited 
in the solid and not the molten form. Experiments ware confined 
largely to silver and copper salts, since the melting points of silver 
and copper are noticeably higher than the melting point of their 
halide salts. Irregularities in the distribution of the deposit 
resulted from differences in the temperature of the cathode plate, 
the tendency being for the metal to redissolve from the hotter 
portions of the cathode and to build up on the colder sections. 
On silver cathodes with an original crystalline surface, the 
deposited crystals grew as a continuation of the grains in the 
plate. Polarization voltage was low in all the electrolytes and 
decreased with rising temperature of the bath. Although there 
was a variation of the grain size of the deposited silver, copper, 

10 Trans. Am. Electrochem. Soc., 47 , 249 ( 1925 ). 

11 Trans. A m. Electrochem.. Soc., 47 , 265 ( 1925 ). 
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or nickel, depending upon the temperature and composition 
of the bath, the great differences which exist between the struc- 
ture of these metals when electrodeposited from aqueous solutions 
do not exist at the higher temperatures of the fused baths. A 
crystalline deposit was obtained in experiments with fused 
manganese and iron salts. 

The first record of a fused electrolyte was given by Sir Hum- 
phry Davy in 1802. 12 Since his time the electrolysis of fused salts 
has been applied as a method for either the discovery or the 
co mm ercial preparation of many metals, among the most impor- 
tant of which are Ca, Sr, Ba, Na, K, Li, Cs, Bb, Mg, Al, Be, Ce, 
Ta, Ba, Tl, Ti, U, V, as well as many valuable alloys. • 

ALUMINUM 

In the present manufacture of aluminum there are two main 
stages. The first embraces the production of pure A1 2 0 3 (alu- 
mina) from some aluminous mineral, usually bauxite, and the 
second is the reduction of this A1 2 0 3 to the metal in a bath of fused 
cryolite. The reason for these two stages is that impurities in 
the raw materials must be removed. Bauxite, for example, 
usually contains alumina, iron oxides, silica, and titania. If it be 
directly electrolyzed or dissolved, a considerable proportion of 
these impurities will appear in the aluminum or salts. Hitherto 
it has proved more practicable to make the pure alumina and then 
the pure metal or salts than to refine an impure metal or purify 
crude salts. 

Because of the commercial importance of aluminum and its 
salts, a large number of experimenters have proposed processes 
for making pure alumina and pure aluminum compounds from 
various aluminous minerals such as cryolite, bauxite, clays and 
kaolins, labradorite, alunite, leucite, shales, feldspar, and others. 
The mineral almost exclusively worked for alumina at present is 
bauxite, mainly worked by the Bayer process. 

Alumina Production. — The highly technical process and care- 
fully balanced reactions necessary to refine bauxite to alumina are 
peculiar to this metal. While necessary for the ultimate produc- 
tion of high purity aluminum, they constitute a heavy charge on 
every ton of metal produced. Aluminum will probably never be 
smelted from its ores like iron. It is not reasonable to expect 

12 Phil, Trails., 98, 1 (1808);,/. Royal Inst., 53 (1802). 
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that it will be electrolytically refined from an aqueous solution 
like copper. It is believed that the refining of aluminous ores will 
continue to involve chemical processes of some delicacy, calling 
for appreciable investment in plant and significant amounts for 
fuel, labor, and reagents. This is true whether the raw material 
be the conventional grades of red bauxite, alunite, leucite, kaolin, 
labradorite, or other material. 

The more important processes used for production of high 
purity alumina are (1) Bayer, (2) Hall, (3) Pedersen, and (4) 
Haglund. These will be briefly discussed in their chemical 
engineering and economic aspects. 

1. Bayer Process . — In this process a high grade of bauxite is a 
necessity. An extremely high grade of alumina is usually pro- 
duced. Composition of the ore may be as follows : A1 2 0 3 60 to 55 
per cent, Fe 2 0 3 25 to 20 per cent, Ti0 2 2 to 3 per cent, Si0 2 1 to 
3 per cent, H 2 0 and organic impurities 12 to 15 per cent. The 
ore is crushed, ground in a ball mill to 70 mesh, mixed with 
a strong soda liquor, and digested with steam at 60 lb. pressure 
to dissolve the AI 2 O 3 . Digestion is carried on in autoclaves 
at 150°C. for 8 hr. The solution is blown into tanks and diluted 
to a density of about 1.20. It is then filter pressed, the iron 
oxide remaining in the residue with most of the Ti0 2 . From the 
clear solution of ISTa 2 Al 2 04 , the alumina can be precipitated in 
large tanks or decomposers by slow agitation and the addition 
of a small proportion of reserve aluminum hydrate. The pre- 
cipitate is then thickened, washed, dried, and calcined at 1100°C. 
in a rotary kiln. In a modification of the Bayer method, the 
ore is ground, mixed with the appropriate quantity of Na 2 C0 3 , 
and roasted at about 1000°C., when Na 2 Al 2 0 4 will be formed 
by decomposition of the carbonate. The solid mass after cooling 
is leached with distilled water and the clear liquor treated in 
decomposers to precipitate alumina, as above. 

The Bayer process is technically one of the most difficult to 
operate and control. The filtration problems alone are perhaps 
as difficult as those in any other technical process. Both in 
Europe and in America the Bayer process has long been in com- 
mercial operation. American practice also favors Dorr type 
thickeners in place of filter presses for the separations employed. 
A good and invariable composition of bauxite is needed. Low 
silica is essential, 3 per cent being the upper limit. The objection 
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Fig. 135.— Alumina (Bayer Process). ( Courtesy Chemical & Metallurgical Engineering.) 
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to silica lies in its rendering a portion of the alumina insoluble, 
thus hindering the recovery from a given ore. A good, pure 
alumina for use in the reduction furnaces contains less than 0.01 
per cent FeO. 

The chemical engineering flow sheet of the method of alumina 
production is shown in Fig. 135. Mantell 13 reviewed the refining 
methods in use and proposed for aluminous ores. 

2 . Hall Process . — At the beginning of the aluminum industry 
in the United States, Charles M. Hall devised an electrical 
method for the refining of bauxite. Bauxite of graded composi- 
tion is ground to a granular form and mixed intimately ^ith an 
appropriate weight of coal similarly ground. The mixture is 
then sintered at about 1000 °C., cooled, and a further quantity of 
coke introduced for the purpose of reducing the impurities. The 
mixture is then smelted in a furnace using electrodes of the Soder- 
berg type at about 2500°C. Ferrosilicon and ferrotitanium sink 
to the bottom of the bath and are tapped off. Pure alumina is 
blown off by steam and air pressure from the top of the furnace 
into an iron-lined chamber where it is precipitated in flocculent 
particles similar to popcorn. Contamination by carbides is 
likely to be the chief difficulty. The alumina after cooling is 
leached with hot water and dilute H 2 SO 4 to remove traces of 
titanium oxide. The solids' are filtered in such a way as not 
to crush or deform the grains. This process was commercially 
operated at Badin, N.C., and Arvida, Que. The resulting 
alumina is in the form of solid bubbles. It has only one-third 
the density of amorphous Bayer alumina. This is advantageous 
as a charge for the reduction furnaces. As above outlined, the 
improved Hall process constitutes a method of treating bauxite 
of lower grades than are available for the Bayer process. In 
the latter, iron and silica are separately removed; in Hall’s 
method, they are removed in combination by simultaneous 
reduction. Although accurate balance must be maintained in 
the charge, a silica content greater than 3 per cent is no longer 
embarrassing. 

3. Pedersen Process . — Several processes for refining aluminous 
ores recognize the need for utilizing much lower grades than those 
which have been commercially feasible heretofore. If the iron 
content be sufficiently high, it can be smelted out and at the 

13 Chem. A Met. Eng., 35 , 746 ( 1928 ). 
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same time silica can be reduced to ferrosilicon, thus leaving the 
alumina to be slagged oft. Such a method is that devised by 
Pedersen. An electric smelting furnace is used. The charge 
consists of iron ore, limest^e, and bauxite in the required 
proportions. Ferrous impurities in the bauxite are smelted out 
and a richly aluminous slag is obtained. This is tapped off, 
cooled, crushed, and leached with a hot solution of dilute Na 2 C0 3 
containing 10 per cent of free caustic for the purpose of accelerat- 
ing the process and preventing silica contamination. 

The method permits the use of bauxites of high ferrous content 
which are not economically treatable by the Bayer method. 
The process is in operation at the works of the Norsk Aluminum 
Company at Hoyangfalden, Norway, where ore of a content 
of 16 to 18 per cent alumina can be treated, the plant having an 
annual maximum capacity of 12,000 to 15,000 tons of alumina. 

4. Haglund Process . — Because of the high purity ore required 
by the Bayer process and the exact balance which must be main- 
tained between the reacting agents, attempts have been made to 
substitute methods for dealing with lower grade minerals of a 
wider range of composition. The method of T. R. Haglund, 
introduced several years ago in Sweden, was developed experi- 
mentally in Germany and is operating commercially in Italy. 
Aluminous ore, usually bauxite, is crushed and mixed with a due 
proportion of anthracite and pyrites or other metallic sulphides. 
The proportions will obviously depend upon the iron, silicon, and 
titanium impurities in the ore. On fusing the mass in a smoth- 
ered-arc or resistance furnace, the iron, silicon, and titanium are 
reduced and tapped off. The slag containing the aluminum is 
cooled, when a part of it will crystallize out as alumina, the 
remainder being A1 2 S 3 . The latter amounts to about 20 per 
cent of the total slag. This is sufficient to hold the alumina in 
solution at the furnace temperature of 1100°C. 

The main furnace reaction is, approximately, 

A1 2 0 3 -}— 3C — {- 3FeS — A1 2 S 3 3CO -f- 3Fo 

The outstanding feature of the process is the utilization of the 
fused sulphide as a flux or solvent for the aluminum and as a 
means of reducing its melting temperature. The mixed slag is 
cooled, crushed, and leached with water and steam: 

A1 2 S 3 + 6H 2 G = 2Al(OH) 3 + 3H->S 
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After leaching, the residue contains not only the aluminum 
hydrate but also mixed oxides and sulphides of iron, titanium, 
etc. The material is treated by classifying and concentrating, 
when Al(OH)3 containing a perofttage of crystalline alumina is 
removed. The crystalline alumina is washed with warm H 2 S0 4 
and dried. The hydroxide is then dried and calcined in the 
usual way. The H 2 S is condensed and regenerated for sulphuriz- 
ing a further furnace charge. 

In practical operation, low-grade materials as carboniferous 
clay, coal dross, and the like are charged. Pig iron is one of the 
important by-products of the process. The market for this and 


Soda Jquor->|Aufoclqv€| 


Uquor* l* r< ’*| 8r ^ 


Alumina 

BAYER 




Coal— J Sinter I 


I Filter orllnsolubte 
| Thicken p - Oxides 

Scj L ■„:-:r3 i e 

Dilute . 

I Decom-I 

Lesss-rigag 

Aluminum 

5ulphuri< 

Acid 

Hydroxide 



Bauxite -Coke 
Mixture 

1 h Tfl% 


K®. - f~i , | Tifanfb 

ihunc^LenohJ— oxide 


1 y 1 

Alumina- 

HALL 


Iron Ore 


Bauxite 


Bauxite 


ii rnestong pSmelt fo r '^ n Smelt 

_3»>. 


Slag 

[crush 


Titanium Mwon 


Hot Sod i urn, * — 

Carbonate-4 Leach 
Solution 1 — T- — 


| Filter] 


I Dn/ ' 1 

Alumina 

PEDERSEN 


Cool 


Pi'glroi) 


Alu mTnurrtfl^IrnxWff 
+ Mi xed Sul prud es 

f Classify 1 
Aluminum 
, Hydngide 

fCaIcine[ 

Alumina 

HAGLUND 


Fig. 136. — Flow sheets of the Bayer, Hall, Pedersen, and Haglund processes. 


the ferroalloys will have a bearing on the field for Haglund 
methods. 

Primarily Haglund's method applies to bauxite having a 
silica content too high for treatment by the Bayer process, 
particularly where the alumina content is correspondingly low. 
In the diagram it should be noted that the preliminary sulphuriza- 
tion is necessary only where the iron content in the bauxite is 
high. By this treatment the charge of sulphide can be reduced 
and the process becomes more nearly regenerative. Where this 
is not done, the H 2 S is condensed and the sulphur regained in a 
Claus furnace. 

Electrolysis of Alumina. — The entire world's production of 
aluminum is obtained by the electrolysis of a solution of alumina 
in fused cryolite (AlF 3 -3NaF). The process is based on the 
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patents (1883-1889) of Hall in the United States and H^roult in 
France. 



Fig. 137. — Freezing points in the cryolite-alumina system. 



Fig. 138. — Freezing points in the sodium-fluoride aluminum-fluoride system. 


Fundamentally, aluminum is produced by the electrolysis of 
alumina dissolved in a bath of aluminum fluoride and the fluoride 
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of one or more metals more electropositive than aluminum, such 
as sodium, potassium, or calcium. Cryolite melts at about 
1000°C. and at temperatures slightly above its melting point is 
able to dissolve as much as 10 fo 20 per cent of its weight of 
alumina with resultant decrease in its melting point, as shown in 
the diagram of the freezing points in the cryolite-alumina system 
Pin Fig. 137. The freezing points of the aluminum-fluoride 
sodium-fluoride system are given in Fig. 138. If a d.c. be passed 
through the solution of alumina in cryolite or alumina in cryolite 



plus other fluorides, the alumina is decomposed, the aluminum 
being deposited at the cathode in a molten condition (melting 
point about 660°C.) and oxygen at the anode, which is carbon, 
with which the oxygen reacts to form the probable primary 
product of C0 2 . This is believed to be subsequently reduced to 
CO by the hot carbon. The thermal effect of the oxidation of 
the carbon anodes is to reduce the amount of electrical energy 
required to maintain the bath in a fused state. The bath itself 
is not appreciably decomposed by the current. 

At the operating temperature the fused cryolite, or modified 
bath, and molten aluminum are very reactive and destructive of 
containers. Hall solved the problem by the use of an iron 
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crucible or box lined with carbon. To date no better materials 
of construction have been found. 

Reduction Cell- — The reduction cell or “pot” is a strong steel 
box, usually rectangular in shape, provided with a carbon lining 
6 to 10 in. or more in thickness. Figure 139 shows the essential 
features of such a cell. The steel plate used for the pot is 1 to 2 
in. thick and makes contact either directly or through collector 
plates with the carbon lining. The steel shell is thus employed 
to carry current to the carbon cathode. In some cases insulating 
material is used between the carbon lining and the shell for the 
saving of heat, with presumable reduction of power needed to 
maintain the proper temperature. There appears, however, 
to be considerable difference of opinion as to the real advantages 
of thermal insulation when all factors are taken into account. 
In marked contrast to the electrolysis of magnesium compounds, 
external or auxiliary heating is unnecessary and impractical. 

External and internal dimensions of the cell and lining vary 
considerably with current capacity. In commercial practice 
the smallest cells are 8,000 amp., but the average is between 

14.000 and 28,000 amp. Generally the more current that can 
be used in a cell, -the lower will be the producing cost of a pound 
of aluminum. Aluminum production is approximately propor- 
tional to the current, while it takes just about as much labor to 
run a small cell as a large one. The limit of current capacity is 
set by increase in difficulties involved in changing anodes, break- 
ing the frozen top crust, and operating the larger cells. For 
multiple electrode pots the practical limit is almost reached at 

30.000 amp., but commercial cells are operating at 40,000 amp. 
load. The application of continuous electrodes such as the 
Soderberg with aluminum mantles has not been extensive, nor 
have they permitted the use of much higher loads per cell. 

Cathodes.— The carbon cathode must have adequate strength, 
have good electrical conductivity, and be so fashioned that it will 
remain in place and carry the current to the metallic aluminum. 
Overheating and local stresses cause it to crack and disintegrate. 
Broken pieces of lining may then float in the bath and cause 
partial short circuits between the anodes and the metal. Breaks 
in the lining may permit the molten aluminum metal to attack 
the steel shell or collector box, with resultant solution of the iron 
by the aluminum. Such a pot “makes steel” in the language of 
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the operator. It must be removed from the line for repair. The 
carbon lining is somewhat porous and absorbs nearly its own 
weight of the fused electrolyte. When cells are removed from 
the circuit for repair, the old linings are broken out. In most 
modern practice the fused electrolyte is recovered by burning off 
the carbonaceous material in multihearth furnaces of the roasting 
type. 

Two types of cathode linings are employed. One is made by 
ramming a hot mixture of pulverized coke with tar and pitch 
binders into the steel shell, using a suitable cast-iron form to 
give the cavity the desired shape. The entire pot is baked in a 
furnace at about 600 to 800°C. In the second method, preformed 
and prebaked carbon blocks are used to build up the lining, the 
blocks being cemented together with a mixture of tar, pitch, and 
ground coke. In practice, cells may last from as short a time as 
1 week when they are poorly made, to as long as 3 years without 
repair or replacement. 

Anodes. — The anodes are carbon made from petroleum coke. 
Their manufacture will be discussed later in this volume in con- 
nection with materials of construction. 

The anodes are hung from two or more copper or aluminum 
busbars supported above the cell. They depend from rods or 
bars of aluminum, copper, or iron which connect onto the busbars 
by adjustable clamps and carry current to the anodes. Proper 
adjustment of the anodes for equalization of the current passing 
through them is one of the most important factors in the operation 
of the pot. Anodes set too low may allow projecting points to 
touch the metal layer in the bottom of the cell, thus short-circuit- 
ing it; anodes set too high may, because of the resistance of the 
thicker layer of electrolyte betw r een them and the cathode, fail 
to carry their proper share of the current. 

Cell Operation. — During w r orking, the cell contains a layer of 
molten aluminum, varying in thickness from a fraction of an inch 
up to 4 or 5 in. Molten aluminum (sp. gr. 2.29 at 1000°) is 
heavier than molten cryolite (sp. gr. 2.095 at 1000°). Unless 
the contents of the cell be very violently agitated, the metal will 
remain at the bottom. Solid alumina, 'which is periodically 
added to the bath, is more dense than cryolite, but the solution 
of alumina in liquid cryolite is lighter at the same temperature 
than cryolite without dissolved alumina. Calcium fluoride when 
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added as a bath addition agent increases the density of the liquid 
cryolite. In the pot, then, there is a layer of 6 to 12 in. of molten 
electrolyte. This is essentially a solution of alumina, usually 2 
to 5 per cent, in molten cryolite which may contain other fluorides 
either purposely added or resulting from the ash of the electrodes. 
Above the molten electrolyte is a crust of frozen electrolyte mixed 
with aluminum oxide. The anodes project through this crust 
so that their lower ends are 2 to 4 in. above the upper surface of 
the layer of molten aluminum at the bottom of the cell. 

In operation, the bubbles of gas given off at the anodes, as well 
as the magnetic field effect produced by the large currents passing 
through the anode buses, the cell walls, and the lining, continu- 
ously agitate the electrolyte. The aluminum oxide added to the 
cell from time to time is considerably heavier than either the mol- 
ten electrolyte or the molten metal. Were there no agitation, the 
alumina would sink to the bottom of the cell and accumulate 
under the metal layer. This would prevent the electrolyte from 
dissolving it readily, and would cause increased resistance and 
overheating at the contact between the metal and the carbon 
lining. If the alumina be fine enough, even though of the fused 
variety (sp. gr. 4), it is maintained in suspension, long enough to 
be dissolved, by the agitation of the electrolyte. Edwards 14 
states that the actual time required for 200-mesh alumina to 
dissolve completely in fused cryolite (2 g. alumina in 150 g. 
cryolite) has been found by experiment to vary between and 
9 min., depending on the temperature, degree of saturation of 
electrolyte, and the character of the alumina, whether porous as 
produced in the Bayer process, or compact as made by grinding 
up electrically fused alumina* 

'As the electrolysis continues, alumina is consumed in direct 
proportion to the metal production. As the alumina concentra- 
tion in the electrolyte is reduced, a point is finally reached where 
the anode effect occurs. The adtual concentration of alumina 
probably depends upon the temperature, the composition of the 
electrolyte, and the anode c.d., but is generally likely to be about 
2 per cent. The occurrence of the anode effect is the signal for 
the addition of more alumina. The attendant does this by 
breaking the frozen layer, on top of which he has previously 

14 Edwards, Erary, and Jeffries, “The Aluminum Industry,” Vol. I, 
McGraw-Hill Book Company, Inc., New York, 1930. 
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distributed a layer of alumina. The addition of the alumina, as 
well as a vigorous stirring of the electrolyte, causes the anode 
effect to disappear, after w T hich the electrolysis continues its nor- 
mal course for several hours, w T hen addition is again needed. 

The nature and cause of the anode effect have received con- 
siderable attention from investigators. 15 It manifests itself in a 
sudden rise in the voltage across the cell, from 6 to 7 volts up to 
30 or even 60 volts. As a means of detecting this change, an 
incandescent lamp is connected across the terminals of the cell 
and mounted near it. When the anode effect occurs, the lamp, 
which had been glowing dimly, flashes up and gives a bright 
light. This attracts the attendant and shows him that it is time 
to “work” the cell. Edwards 16 states that careful examination 
of the cell when the anode effect occurs show^s that the electrolyte 
no longer “wets” the anodes, as water wets glass, but there is a 
continuous gaseous envelope covering the whole of the surface 
of contact between each anode and the electrolyte, and the 
current is passing through this envelope as a multitude of tiny 
sparks or arcs. The whole of the voltage increase is localized in 
this gaseous envelope, and the anode surface and the gas are 
therefore highly heated. Oxygen resulting from alumina 
decomposition is constantly reacting with the anode material. 
This gives a continuously cleaned anode surface. Impurities in 
the carbon anode are thought to produce a condition of the anode 
called “dusting,” in which the surface becomes covered with a 
layer of dust. An anode so covered favors the anode effect. It 
is also believed that aluminum fluoride separates from fused cryo- 
lite low in alumina, and that this material produces a turbidity of 
the bath and deposits on the anode as a nonconducting layer. 
Once separated, aluminum fluoride dissolves again slowly. All 
these factors — the dusting of the anode, the layer of aluminum 
fluoride on it, and the turbidity of the bath — may be regarded as 
causes of the anode effect. By disturbing the intimate contact 
between the anode and the melt, they provide a foothold for the 
gas film which produces the anode effect. Chemical analysis 
shows that during the anode effect the gas evolved is pure CO, 
whereas at other times it contains from 50 to 90 per cent C0 2 . 

15 Taylor, Tra?is. Am. Electrochem. Soc., 47, 301—316 (1925); Arndt and 
Probst, Z. EleJctrochem., 29, 323 (1923). 

16 Loc. cit. 
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Thus, since a given amount of oxygen liberated at the anode will 
produce twice as large a volume of CO as of CO 2 , and since the 
volume of a gas is directly proportional to its absolute tempera- 
ture, the film of gas represents a very abnormal volume evolved at 
each anode. Likewise, it represents nearly double the normal 
carbon consumption and five or ten times the normal heat 
evolution and power consumption, so every effort is made to 
“kill the light” and restore normal conditions as rapidly as 
possible. 

Theoretically, the e.m.f. required for the dissociation of aluminp, 
in the Hall-Heroult process is 2.8 volts, but actually the require- 
ment becomes two to three times this value. The resistance of 
the bath, contact drops at joints and connections, and slight 
losses throughout the circuit necessitate a greater difference in 
potential. In that each cell takes a large current at low voltage, 
a number of cells are arranged in a line in series. An arrange- 
ment is thus effected causing a summation of the voltages so that 
the line may be connected to a “standard” generator voltage. 
This is a much more economical arrangement than the employ- 
ment of low-voltage motor-generator sets. The line voltage may 
be anything between 200 and 600 volts, depending on power 
conditions, design of plant, busbar arrangement, and other 
factors. A line may contain 30 to 100 pots in series. In that 
the line current passes through all the cells in series, any happen- 
ing such as the appearance of the anode effect in one cell changes 
electrical conditions slightly in all the cells, as well as affects 
the total load on the line. The greater the number of cells in 
the line, the less will be the disturbing effect of any change in 
one cell. Cell voltages, including busbar and cable IH drops, 
may vary between 5 and 7 volts, depending upon the circuit 
design, the age of the cells, the state and type of the electrolyte, 
the anode-cathode distance, and other factors. These same 
factors enter into the power requirements per pound of aluminum 
with the addition of the human operating element and the 
resultant care given to the cells. The power requirements for 
aluminum are 10 to 12 kw.-hr. per lb., although in some of 
the newer plants this figure is as low as 9.5 kw.-hr. per lb. 
Anode consumption varies, depending upon the quality of the 
anodes, size, shape, and skill with which the cells are operated. 
From 0.6 to 0.8 lb. of carbon per pound of aluminum is considered 
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satisfactory for an efficient plant, although the figure at times 
may become as great as 1 lb. of anode per pound of aluminum. 
The alumina requirements are of the order of 2 lb. of alumina for 
1 of aluminum. 

When a sufficient amount of metal has accumulated in the 
bottom of the cell, it must be removed by either tapping or 
ladling. This may be done every day, every second day or 
third day, depending upon the design of the cell, the ideas of the 
management, and local conditions. When the metal is to be 
tapped out, the tap hole is opened by driving into it a sharp steel 
tapping pin. When enough metal has been removed, it is closed 
by driving in a wooden plug. From the tapping ladle, the metal 
is transferred into a larger pouring ladle. The metal from 
several cells is accumulated in this pouring ladle, then skimmed 
with a perforated skimmer and poured into molds of about 50-lb. 
capacity each. When the metal is to be ladled out, an anode is 
removed and a heavy cast-iron cylinder is set into the cell in its 
place. As the molten electrolyte is now ladled out of the 
cylinder, the metal rises to take its place. When it apnears, 
it is ladled off into molds. Each cast 'must be analyzed and 
graded, so that casts may be chosen and mixed in the remelt- 
ing furnace to produce the grade deiftred by the customer. 
Another common practice is to pour the molten aluminum from 
the tapping or pouring ladles into a “ holding furnace.” In this 
way the metal from many cells is blended, and finished ingots may 
be cast from it. Practically all commercial aluminum is remelted 
or heated in holding furnaces to insure uniformity of compositions 
and the removal of nonmetallic impurities. 

The electrolytic cell can be started by pouring a suitable 
amount of molten electrolyte into it, adjusting the anodes, and 
passing current. Usually, however, molten electrolyte in 
sufficient quantity is not available, and the electrolyte must bo 
fused in place. To do this, the anodes are grounded on the 
carbon bottom of the cell, and some solid electrolyte is shoveled 
in around them. On passage of the current, sufficient heat 
develops at the point of contact of anode with cathode to fuse 
the surrounding electrolyte gradually. When a molten layer of 
sufficient depth has been formed, the anodes are raised, elec- 
trolysis commenced, and more electrolyte added until the cell is 
filled to the proper height. 
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When a cell is to be taken out of service, the electrolyte can be 
tapped out or, as is more usual, the anodes removed and the cell 
contents allowed to solidify. It is highly important that the 
power supply be continuous, for if it be discontinued for many 
hours, the cell contents will solidify. If power fail, it is some- 
times possible to ground the anodes on the bottom of each cell 
and later, after the cell contents are frozen, to increase the current 
through the cells cautiously until the contents are again molten. 
The process is hazardous, however, because the starting current 
is irregularly distributed and results in the burning off of anode 
supports and the expulsion of molten electrolyte from time to 
time. After a cell is frozen, the contents can be dug out, part 
of the electrolyte salvaged, and the cell relined for use. 

Energy Efficiency. — The efficiency of the reduction process is 
affected by many factors such as the design of the cell, the 
operating conditions of current and voltage, but most important 
of* all, the skill and constancy of attention of the workman 
caring for the cell. Theoretically, 1,000 amp.-hr. at 100 per cent 
efficiency will produce 0.74 lb. of metal per hour. In practice, 
the current efficiency is between 75 and 90 per cent. It is 
reduced by short circuits resulting from improper adjustment of 
the anodes, current leakages through the crust, and reoxidation 
of reduced metal. Electrode adjustment is a function of labor 
efficiency. Metal fog or mist, so common to fused salt electroly- 
sis, may result from extremely small particles of metallic alumi- 
num suspended in the electrolyte. The metal mist is being 
constantly brought into contact with the anode surfaces as a 
result of the agitation due to electromagnetic forces. At the 
anodes, the metal in the form of fog may be reoxidized to alumina. 
The loss of metal by reoxidation can be reduced by increasing the 
space between the bottom of the anode and the top of the molten 
metal. This, however, increases cell resistance and power 
consumption, so that loss by rcoxidation must be balanced 
against increased power requirements. 

Thermodynamic calculations indicate values of 0.09 to 2.0 
volts for the decomposition of alumina, depending upon the 
fundamental assumptions made. An experimental determina- 
tion of the decomposition voltage of alumina in cryolite is a 
difficult one. Estimates made from the current-voltage curves 
over a wide range of currents indicate potentials of 1.7 volts, 
while the operating voltage is between 5 and 7. 
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In addition to that required for the decomposition of alumina, 
power is necessary for heating the electrolyte and maintaining 
its molten condition. In general, all power greater than that 



Fig. 140. — Early aluminum pot room. ( Courtesy Aluminum Company of 

America.) 


required to decompose the alumina must be dissipated as heat. 
Thermal radiation losses can be decreased by suitable insulation, 
but the practical advantage of this has been questioned. In the 


Table L. — Electrolytic Production of Aluminum 

Raw material Purified A1 2 0 3 

Melting point material, degrees centigrade. Cryolite 1000 
Melting point metal, degrees centigrade. . . A1 600 (about) 

Bath material Cryolite -f-Na, Al, Ca fluorides 

Furnace: 

Shape Rectangular 

Shell 1—2 in. steel 

Anode arrangement Suspended vertically 

Anode material Carbon 

Cathode material Rammed carbon lining 

Voltage across cell 5.5—7 

Amperage of cell 8,000-40,000 

Operating temperature, degrees centigrade. 900—1000 

Concentration of raw material in bath 2-5 per cent A1 2 0 3 

Theoretical decomposition voltage 2.8 

Carbon consumption 0.6—0.85 lb. per lb. Al 

Raw-material consumption 2—2.2 lb. A1 2 0 3 per lb. Al 

Current efficiency 70—90 per cent 

Energy efficiency 25-40 per cent 

Energy consumption 10-12 kw.-hr. per lb. Al 

Specific gravity molten Al 2.29 (1000°C.) 

Specific gravity molten cryolite 2.095 (1000°C.) 
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United States at least, such insulation is not employed. The 
power input of a cell may be reduced by cutting down either 
the current or the voltage across the cell. The production of 
aluminum is directly proportional to the current. The voltage 
drop across the cell is a function of the anode-cathode distance, 
and at small spacings results in smaller amounts of heat generated 
due to the resistance of the bath. Lower cell temperatures 
result, with reduction of the tendency to form metal mist but 



Fig. 141. — Aluminum, pot room with overhead feed bins. ( Courtesy Aluminum 
Company of America.) 


with increased losses by reoxidation at the anode. With lower 
cell temperatures, surface oxidation of the carbon anodes by the 
air is cut down. In general, however, attempts are not made to 
secure the greatest electrical or thermal efficiency but to produce 
aluminum at the lowest cost per pound by striking a balance 
between current capacity of the cell, voltage drop, anode area, 
anode c.d., anode-cathode spacing, thermal insulation, and 
purity of anodes when such purity is obtainable without excessive 
cost. A typical early arrangement of aluminum furnace or 
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“pot” room is shown in Fig. 140; a more modern design is found 
in Fig. 141. Operating data are tabulated in Table L. 

ALUMINUM REFINING 

A practical method for refining impure aluminum in order to 
produce aluminum of high purity has long been desired. The 
production of pure aluminum in ordinary aluminum cells necessi- 
tates exceedingly close operating control and the use of pure 
alumina and electrodes, all of which may or may not be obtain- 
able without excessive cost. Ordinary aluminum is 99 per cent 



or better Al, and its properties are quite different from elect ro- 
lytically refined aluminum running 99.8 or better. Metallic 
aluminum cannot be deposited by electrolysis in aqueous solu- 
tions. Organic solvents for the metal have low electrical 
conductivity and are costly, which factors render their use 
impractical. The only apparent solution industrially possible 
lies in the use of a fused salt electrolyte, first proposed in 1900 by 
William Hoopes. 17 

Cell and Electrolyte. — In the refining cell, a molten aluminum 
cathode floats on an electrolyte heavier than the molten alumi- 
num. The anode alloy, which is heavier than the electrolyte, is 


17 U.S. Patent 073,364 (1901). 
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at the bottom of the cell, so that the unit becomes an inverted 
form of the aluminum-producing furnace. The construction is 
shown in Fig. 142. 

The bath is composed of a mixture of cryolite, A1F 3 and BaF 2 , 
nearly saturated with alumina. By virtue of the cooling effect 
of the side walls of the cell there is built up on these walls by a 
process of selective crystallization a thick crust rich in alumina. 
This is very refractory, and not easily dissolved away by the bath 
if for any reason the temperature of the cell rise above normal. 
This crust serves to insulate, electrically and thermally, the 
molten bath from the shell. It also minimizes the leakage of 
current from anode to cathode through the walls. In starting up 
such a cell, it is very important that the upper half be maintained 
in an electrically neutral condition, in order to prevent the 
formation of a side crust partially contaminated with metal. 
Such a crust seems to conduct enough current to cause electrolysis 
to take place in it. Its content of metal gradually increases until 
its conductivity becomes prohibitively high. 

In order to make the electrical connection to the molten 
cathode, it was found necessary to use graphite electrodes dipping 
into the floating aluminum layer. These are carried on heavy 
copper rods, as shown in Fig. 142. It was also found that under 
proper conditions a crust of frozen bath, rich in alumina, would 
form over the upper surface of the metal and around the elec- 
trodes and act as a protective cover. Care must be taken to 
maintain an adequate metal thickness in the cathode layer; 
otherwise the heavy currents and powerful magnetic fields set up 
a swirling motion so violent that the anode and cathode layers 
can come into contact in spots. This, of course, results in then- 
union and the loss of the refined metal. 

Anodes. — There seems to be only one practical anode for such 
a cell. This is a copper-aluminum alloy, low in iron and titanium 
(which raise its freezing point) and preferably containing'enough 
silicon to lower its freezing point considerably, so that it will 
remain adequately mobile even when the aluminum content has 
been largely reduced. The proper working temperature of the 
cell is limited by the properties of the fused electrolyte, and lies 
between about 900 and 1100°C. In the nature of things, 
the anode alloy tends to be cooler than the electrolyte. If any 
appreciable amount of it freeze, copper and other impurities will 
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be dissolved from the frozen portions by the current, and the 
refined metal will be contaminated. 

Cell Operation. — The cell is easily started by pouring into it a 
layer of molten bath several inches thick, lowering the graphite 
connectors to dip into the bath layer, and turning on full-load 
current. A layer of molten anode alloy is then slowly poured in, 
taking care that the joint between the upper and lower halves 
of the cell is covered only by the bath. A layer of molten alumi- 
num carefully poured on the surface of the bath, followed by a 
final adjustment of the graphite connectors, completes the 
operation. If the bath be of proper composition, the alumina- 
rich side crust and top crust will soon begin to form. In a few 
hours the cell is in normal operation. 

In order to keep the cell operating, the aluminum produced at 
/the cathode must be tapped off, and a corresponding amount of 
impure aluminum or aluminum-copper alloy added to the anode. 
If the cell be employed to refine impure aluminum, this operation 
may be carried out simply in two steps. The necessary amount 
of the molten impure aluminum is poured into a suitable crucible 
which is placed in a hole in the floor in front of the anode alloy 
tap hole. The current is then cut off, the tap hole opened, and a 
few hundred pounds of the impoverished anode alloy tapped into 
the crucible of molten aluminum, so as to produce an alloy 
heavier than the molten bath. This alloy is then poured back 
into the cell through a suitable carbon-lined funnel extending into 
the anode alloy layer. As the level of the molten mass in the 
cell rises, the tapping trough in the top section is opened, and 
the pure cathode metal is allowed to flow out into another 
crucible, the amount obtained being, of course, approximately the 
same as that of the new aluminum added. 

The cells operate with an excellent current efficiency on about 
5 to 7 vblts and about 20,000 amp. They require little attention 
except at tapping time. A certain amount of sodium is produced 
at the cathode and, together with some of the aluminum, is 
gradually oxidized. This results in a gradual thickening of the 
side crust. From time to time the excess of alumina is removed 
by digging out some of this side crust and adding fresh elec- 
trolyte. The cells have been operated continuously for months 
at a time under works conditions. It has been shown to be 
entirely practical thus to produce any desired amount of metal 
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with an average purity of over 99.80 per cent. In fact, much of 
the metal will be 99.90 per cent pure. The grade commercially 
offered, however, is guaranteed 99.80 per cent. The highest 
purity yet obtained by electrolytic refining was 99.983 per cent. 
The principal impurity is usually copper, the iron and silicon 
being present in very small amounts only. 

MAGNESIUM 

Metallic magnesium was formerly prepared by two electrolytic 
methods, 'One termed the “chloride” and the other the “oxide 
process.” Both methods will be discussed, although the oxide 
process is no longer in operation. 

Magnesium was first electrochemically prepared by Bunsen 
in 1852 by the electrolysis of fused anhydrous MgCl 2 . 18 

Intermittent Chloride Process. — Harvey 19 has described the 
intermittent chloride process. Before the World War the metal 
was made in Germany by the electrolysis of fused anhydrous 
carnallite which occurs naturally, has a lower melting point than 
MgCl 2 , is less volatile, and can be dehydrated more readily. As 
MgCl2-6H 2 0, the raw material tends to decompose during dehy- 
dration and fusion into MgO or oxychloride. The resulting 
residue contains MgO. In commercial practice approximately 
equal parts of NaCl are added to prevent this decomposition. 
Potassium chloride is more effective, but its greater cost, at least 
in the United States, precludes its use. Small amounts of 
NH4CI are added to retard the decomposition of MgCb- The 
mixed salts are dehydrated, by careful heating in iron pots over a 
slow fire, until five of the six molecules of w^ater are removed, after 
which the salts are quickly transferred to a hot quick fire for 
finishing. The double salts melt to a fairly clear fusion at 620°C. 
and contain about 10 per cent MgO. 

In the furnace or cell, as shown in Fig. 143, a cast-steel pot 
forms the electrolyte chamber and also serves as the cathode. A 
graphite anode is suspended centrally in the fused salt, being 
provided with means for varying its height so that the bath level 
which lowers during electrolysis can be followed and a constant 
voltage on the cell maintained. The furnace cycle is a 24 hr. 
one, at the end of which the residual bath containing about 

18 Lieb. Ann., 82 , 137 (1852). 

19 Trans. Am. Electrochem. Soc., 47, 327 (1925). 
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10 per cent MgCl 2 and 90 per cent NaCl is removed and a new 
molten charge added. Sodium displaces magnesium from its 
fused salts, and, within the limits of concentration stated, prac- 
tically no sodium is electrolyzed. The intermittent nature of the 
operation and expensive de- 
hydration process are dis- 
advantages of this method of 
reduction. 

The temperature of the elec- 
trolyte is maintained, partially 
by the resistance of the bath 
to the electric current, and 
partially by a coal fire main- 
tained under the steel pot. If 
the external heating be omit- 
ted, the pot voltage rises pro- 
portionately in order that the 
current may supply the neces- 
sary heat. In the type of 
furnace illustrated' in the fig- 
ure, the external method of 
heating is shown, for this tends 
to keep the electrolyte from Pig. 143. — Intermittent chloride process 
solidifying on the inside sur- celL ** 

face of the pot, thereby preventing an undue rise of voltage at 
this point. The tendency toward solidification of the electrolyte 
on the sides and bottom is aggravated by the presence of 
insoluble MgO, continuously formed during electrolysis whenever 
the electrolyte is allowed to come in contact with the moisture 
of the air. 

The reduced magnesium metal is lighter than the 
and rises to the surface, collecting in pools near the edge of the 
cathode pot. The molten chloride salt forms a protecting film 
covering the floating metal. At a temperature range between 
675 and 725 °C., although no separating diaphragm is used in 
the cell, recombination between magnesium and chlorine is not 
excessive. In commercial practice it has been found best to 
maintain the supply of external heat as uniformly as possible, and 
to obtain temperature regulation almost entirely by electric 
methods. 
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Magnesium metal is recovered at periodic intervals by opening 
a door in the front of the furnace hood and ladling out the metal 
into molds. Special ladles are used with holes in the bottom of 
such size that the thinner electrolyte drains out. The furnace 
metal usually carries about 10 per cent of electrolyte which is 
removed by a further refining or remelting operation carried out 
in oil-fired steel pots. 

Continuous Chloride Process. — The Dow Chemical Company 
has developed a continuous chloride process in which the dis- 
advantages of the intermittent method have been eliminated. 
The process has been described by Gann. 20 This process for the 
production of metallic magnesium is unique from several stand- 
points. Its basic raw material is a salt brine and not a solid ore. 
The process permits the separation of hundreds of tons per day 
of a mixture of the chemically allied salts — MgCl 2 , CaCl 2 , and 
NaCl — in addition to the liberation of bromine. These brine 
constituents, when separated from the MgCl 2 , become the essen- 
tial raw materials for other branches of the local chemical 
industry. The metal made is the purest grade of magnesium 
commercially available. 

A natural brine is pumped from wells 1,200 to 1,400 ft. deep. 
It contains approximately 14 per cent NaCl, 9 per cent CaCl 2 , 
3 per cent MgCl 2 , and 0.15 per cent bromine. After the bromine 
is removed, the brine is treated with a magnesium hydrate 
slurry to precipitate the iron and other impurities which are 
separated in continuous thickeners and sedimentation tanks. 
The decanted liquor is then evaporated until the NaCl has 
crystallized, using exhaust steam from the power plants for this 
purpose. The salt is removed on rotary filters and used for the 
production of chlorine and caustic soda, which in turn are con- 
sumed in the production of more valuable chemicals. 

The MgCl 2 and CaCl 2 in the rotary-filter mother liquor are 
separated from each other by fractional crystallization. This 
is made possible by the fact that under properly controlled com- 
position and temperature conditions, the crystals separating from 
a complex salt solution may have a different composition from 
the solids remaining in the mother liquor. In practice this is 
accomplished by concentrating a solution with a 1 :3 weight ratio 
of MgCl 2 to CaCl 2 , whereupon crystals of the double salt “Tachy- 

20 Trans . Am. Inst. Chem. Engrs., 24 , 206 ( 1930 ). 
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drite ” are formed. The composition of this salt is represented by 
the formula 2MgCl 2 -CaCl 2 T2H 2 0. It has a 2:1 ratio of MgCl 2 
to CaCl 2 but its crystals are in equilibrium with a mother liquor 
having a MgCl 2 to CaCl 2 ratio of 1 : 10. The crystals and liquor 
are separated in false-bottom tanks. This CaCl 2 rich solution 
and wash water from the Tachydrite are reworked elsewhere to 
give CaCl 2 and Epsom salts. The Tachydrite crystals are then 
dissolved in hot water and the solution transferred to a series of 
crystallizers where substantially pure MgCl2*6H 2 0 separates, 
leaving a mother liquor containing MgCl 2 and CaCl 2 in a ratio of 
approximately 1:1. This solution, together with the MgCl 2 *- 
6H 2 0 wash water, contains approximately half of the MgCl 2 
originally present in the brine and is returned to the process for 
reworking. In order to facilitate further treatment, the MgCl 2 -- 
6H 2 0 crystals are melted in their water of crystallization, and the 
fused mass is flaked on rotating steel drums. 

The final steps in preparing feed for the electrolytic cell consist 
of a series of dehydration operations to remove the 6 molecules 
of water of crystallization which correspond to 53 per cent of the 
weight of the hydrated flaked chloride. This work has shown 
the existence of a complete series of hydrated salts containing 
respectively 6, 4, 2, and 1 molecules of H 2 0. Air drying on the 
countercurrent principle is practical to a composition corre- 
sponding approximately to MgCl 2 *2H 2 0, provided the tempera- 
ture is carefully controlled to prevent incipient fusion. The 
last two molecules of water are removed by heating to still higher 
temperature in an HC1 atmosphere which is necessary to prevent 
hydrolysis and the formation of MgO. 

The electrolytic decomposition of the dehydrated MgCl 2 is 
carried out in large rectangular cast-steel pots capable of holding 
several tons of molten cell bath. The steel pot serves as the 
cathode, while the anode consists of graphite bars. The elec- 
trolytic process is a continuous operation, the metal being 
removed daily. The cell bath is maintained at approximately 
a constant level, by either a continuous or intermittent feed of 
dehydrated magnesium chloride. Sodium chloride is added 
from time to time to reduce the melting point and increase the 
conductivity of the bath. Exterior heat supplied by a series of 
stoker-fired furnace's helps to maintain the proper cell tempera- 
ture and reduces power consumption. Figure 144 shows a gen- 
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eral view of one bank of cells. Operating data are given in 
Table LI. 

The magnesium metal formed is lighter than the cell bath and 
therefore rises and floats on the surface of the same. It does not 
burn because of the protecting action of a thin film of the molten 
salt bath. On the other hand, the sludge which forms during 
the normal operation of the cell is heavy and immediately sinks. 
This sludge is largely due to the small percentage of MgO present 



Fig. 144. — Bank of magnesium cells. ( Courtesy The Dow Chemical Company .) 


in the cell feed. This automatic separation of metal and sludge, 
the high purity of the cell feed (less than 0.01 per cent heavy 
metal impurities capable of affecting the quality of the metal), 
the freedom from contamination due to chemical attack of the 
magnesium on the cell parts, and finally, the washing and purify- 
ing action of the cell bath itself, all combine to yield a metal of 
such purity that subsequent refining is unnecessary. The aver- 
age analysis of this magnesium direct from the cells reveals a 
purity of 99.9 per cent, a figure that at times rises to 99.95 per 
cent. The minute traces present consist of silicon, iron, alumi- 
num, and manganese. 
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Ward, Hunter, and others 21 have patented cells for magnesium 
chloride electrolysis with collecting chambers as well as with a 
“ louvre type cathode with inclined surfaces sloping upwardly 
away from the anode,” or with troughs ranged one above the 
other to entrap molten metal rising 
from a cathode surface and keep it 
away from anodic chlorine. 

Oxide Process.— Difficulties were 
encountered in the early development 
stages of the intermittent chloride 
process. The competitive oxide meth- 
od was brought into operation. The 
electrolyte consists of magnesium and 
barium fluorides in equal parts with 
sufficient NaF added to make the bath 
fluid at 950°C. The use of BaF 2 raises 
the specific gravity of the molten bath 
to approximately 3.2, which serves the 
double purpose of causing the reduced 
metal to rise quickly to the surface and 
at the same time prevents the MgO, the 
raw material for electrolysis, from set- 
tling too rapidly. The MgO is pro- 
duced by the calcination of magnesite. , 145.— Oxide process: 

Satisfactory operation of the cell can per: vertical section. Lower: 
be obtained even with several per cent horizontal section, 
of impurities such as the oxides of Si, Fe, Ca, and Al. None 
of the constituents of the bath are hygroscopic. 

The shell of the furnace (Fig. 145) consists of a reinforced 
steel box. Carbon anodes are attached to overhead copper buses 
which run the length of the furnace. A heavy layer of frozen 
electrolyte serves as a lining as well as a heat and electrical 
insulator. Cathodes are of cast iron projecting upward through 
slots in the furnace shell. The bases of the cathode castings arc 
water-cooled in order to insure complete solidification of the 
bath at the points where the cathode passes through the shell. 
The active portion of the cathode is completely submerged, its 
upper end being about 6 in. below the bath surface. The cell is 

21 U.S. Patents 1,921,376-7; 1,863,385; 1,851,789; 1,828,004; 1,828,006; 
1,828,022. 
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divided into compartments by two seven-pipe water coils dipping 
into the bath at the top of the furnace. These divide the furnace 
lengthwise, forming an anode compartment in the center and 
two cathode compartments on the sides. 

At atmospheric pressure the boiling point of magnesium is 
1120°C. To avoid losses, the reduced metal must be brought 
to as low a temperature as possible without solidification imme- 
diately after its production. The cathode chambers at the sides 
of the furnace are cooler than the center because of side radiation. 
Conversely, furnace operation is smoother if the anode chamber 
operate at a fairly high temperature. Its position at the center of 
the furnace, where only top radiation is effective, is an advantage. 

Magnesium oxide is added to the bath around the anodes at 
frequent intervals. Its solubility in the bath is probably not 
over 0.1 per cent at 950°C. It is assumed, therefore, that 
the electrolysis is primarily that of the fluorides with but little 
direct electrical decomposition of MgO. The electrolyte con- 
tains an excess of oxide at all times, held in suspension by the 
high specific gravity of the bath. Even should MgF 2 be electro- 
lyzed, the fluorine produced at the anode would at once react 
with the oxide, regenerating MgF 2 and liberating oxygen at the 
anode. There is some constant loss of fluorine in the process, 
but this loss is not materially greater than that which takes place 
in aluminum electrolysis. There is a characteristic anode effect 
evident at times, seemingly due to an accumulation of fluorine 
gas on the anode surface. 

The metal rises from the cathodes and collects just under the 
frozen crust of electrolyte at the top of the bath. Here the rising 
metal can accumulate until such time as it is removed. This is 
done by breaking a circular opening in the upper crust and 
ladling out the molten metal just below. Operating details of 
the oxide process are given in Table LI. 

Magnesium Purification. — In both the chloride and the oxide 
processes, the purity of the metal produced depends primarily 
upon the purity of the raw materials employed. Under certain 
conditions, however, it may not be feasible or even desirable to 
employ pure raw materials. Bakkcn 22 has described the distilla- 
tion or sublimation method for the purification of magnesium 
metal made from a relatively impure and cheaper ore than that 

22 Chem. & Met. Eng., 36 , 345 ( 1929 ). 
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needed for the ordinary chloride or oxide process. Such a process 
of purification is also of value in the recovery of scrap metal. 

Magnesium has a relatively high vapor pressure. The purifica- 
tion process is carried on under reduced pressures at temperatures 
below the melting point of magnesium. Under pressures such 
as 2 mm. of mercury, magnesium sublimes. It was found that 
impure metal of 90 to 95 per cent magnesium could be converted 
into 99.99 metal. By the use of continuous operation, charging 
the metal into the retort through a vacuum-lock arrangement 
and tapping off the condensed molten liquid into molds within a 
vacuum chamber, a purified metal can be produced in ingot 
form. 

Table LI. — Electrolytic Production op Magnesium 


Operation details Chloride process Oxide process 


Raw material 

Melting point material, deg. C. . 
Melting point metal, deg. C 

Bath material 

Furnace: 

Shape 

Shell 

Anode arrangement. 

Anode material 

Cathode material 

Voltage across cell 

Amperage of cell 

Current density, amp. per sq. in. 
Operating temperature, deg. C. . . 
Concentration of raw material in 

bath 

Carbon consumption 

Raw material consumption 

Current efficiency. . . . 

Energy efficiency 

Energy consumption . 


Anhydrous MgCla 

MgO 

MgCl-, 708 

MgO 2800 

Mg 651 

Mg* 651, boiling 
point Mg 1120 

MgCh + NaCl 

MgF 2-BaF 2 
-b NaF 

Rectangular 

Rectangular 

Steel 

Steel 

Suspended 

Suspended 

vertically 

vertically 

Graphite 

Carbon 

Steel pot 

Steel 

6-9 

9-16 

9,000-16,000 

16-35 

<40 

670-730 

950 

0.1% MgO 
(950 deg. C.) 

0.5 lb. per lb. Mg 

4-5 lb. MgCla per 

1.7 lb. MgO per 

lb. Mg 

lb. Mg 

70-80% 

50-60% 

20-30% 

10-20% 

8—13 kw.-hr. per 

14-25 kw.-hr. per 

lb. Mg 

lb. Mg 


In operation each retort is charged with medal to be refined, 
placed in a furnace, and connected to a vacuum line. The 
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retort for approximately one-third of its length is heated in any 
suitable manner, preferably by a well-distributed gas flame. 
The upper part of the retort, which serves as a condenser, is 
surrounded by a sheet-metal housing having dampers at its 
lower end and connected at its upper end to a manifold. Control 
of the condenser temperature is obtained by the amount of 
damper opening. The temperature of rapid sublimation may 
vary from approximately 300°C. at 0.001 mm. pressure to 
651°C. at 2 mm. pressure. Experience has shown that successful 
operation consists in heating the charge to a temperature of 
approximately 600 °C. for a period of 5 to 6 hr., under an absolute 
residual pressure within the condenser of approximately 0.5 to 
0.15 mm. of mercury. Under these conditions the evolution of 
vapor will be rapid. If proper condensation facilities be provided, 
the rate of sublimation within limits will depend upon the amount 
of heat applied to the metal in the retort. 

During sublimation the materials of the charge having a higher 
boiling point, such as iron, aluminum, and silicon, remain behind 
as a residue. Very often, however, impure magnesium may 
contain metals which are volatile under the conditions of opera- 
tion. In actual practice it has been found possible to effect a 
separation of volatile metals. If sodium-containing metal, for 
example, be refined, the more volatile sodium will rise during the 
process to a cooler position in the condenser than will magnesium 
vapor. Under suitable conditions of temperature control, a 
deposit of sodium somewhat contaminated with magnesium will 
be found separated from the main body of deposited magnesium. 

BERYLLIUM 

Metallic beryllium was discovered at about the same time as 
aluminum and magnesium, in 1828. Wohler obtained the 
metal through the reduction of its chloride with metallic potas- 
sium. Because of the difficulties encountered in its production, 
beryllium has been disregarded for nearly a century. It was not 
until 1921 that Stock, Goldschmidt, and Praetorius in Germany 
succeeded in producing the metal in a compact form by electro- 
lyzing its molten salts. 

The properties of beryllium have aroused the interest of many 
investigators. It is the lightest known inert metal, being about 
two-thirds as heavy as aluminum, but little more than mag- 
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nesium, and less than twice as heavy as water. Relative vol- 
umes of equal weights of beryllium and steel are shown in Pig- 
146. Unlike magnesium and aluminum, it is one of the hardest 
metals, readily scratching glass. On variation of temperature 
it expands and contracts in a manner similar to iron. It may be 
highly polished, remaining untarnished 
in air. It is only slightly attacked by 
influences which readily affect aluminum 
and magnesium. It is gray in color, 
closely resembling steel, with a melting 
point of 1285°C. It may be heated to 
600°C. without marked effect. 

Ores and Extraction Processes. — 

Beryllium is found in at least 15 minerals, 
varying from almost pure BeO to com- 
plex silicates containing very small 
quantities of the element. Practically 
the only recognized source at the present 
time, however, is beryl, a hard, stony, 
opaque substance containing 12 to 15 per 
cent of BeO, 19 to 22 per cent of A1 2 C>3 7 
and approximately 67 per cent of Si0 2 . 

Such an ore will therefore contain only 
4 to 5 per cent of metallic beryllium, since 
the metal represents about 36 per cent fig. 146 . — Relative vol- 

of the oxide. A large percentage of of equ , al weights of 

. _ beryllium and steel. ( Cour - 

useless material, chemically combined, tesy Beryllium Corporation 

must be economically removed before the °f America.) 
element is obtained. Even with pure beryllium compounds, 
the working out of a suitable process for the extraction of beryl- 
lium is extremely difficult. The application of aluminum 
technology is of little value. Aluminum, melting at 657 to 
660°C., can be readily electrolyzed out in a molten condition; 
but the high temperature required to melt beryllium (1285°C.) 
involves new and complex problems. 

For experimental work beryl has been obtained from many 
states in which carloads of the ore have been collected on dumps 
for years during the quarrying of feldspar. A “ beryl mountain” 
actually exists in New Hampshire, where single crystals of a ton 
or more in weight have been found. The ore exists in varying 
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quantities in most of the larger foreign countries, including 
Canada. 

In the method developed by the Beryllium Corporation of 
America, molten metal is not produced directly in the electrol- 
ysis furnace, as in the case of aluminum and magnesium; but the 
product is obtained in flake form, which is separated from the 
electrolyte, washed, dried, subjected to mechanical pressure and 
further furnace treatment to cause coalescence into ingot form. 

H. S. Cooper 23 states that 

... of all the work on ore processes, only the method indicated by 
Copaux 24 had merit enough to warrant further consideration for com- 
mercial scale operation. Briefly, the process consists in heating the 
ground beryl with several parts of sodium silico fluoride to approximately 
850 deg. C. Decomposition takes place, with the resultant formation 
of the sodium double fluorides of aluminum and beryllium. The 
beryllium salt is quite soluble in water, while that of aluminum (cryolite) 
is insoluble. Effective separation is obtained by leaching. 

The process of the Brush Beryllium Co. 25 consists in converting 
the metal oxides in beryl into sulphates, separating pure beryl- 
lium sulphate by crystallization, and decomposing the beryllium 
sulphate by heat into sulphur oxides and beryllium oxide. The 
crude beryl is crushed in a gyratory* the crushed ore melted and 
quenched in cold water. The chemically resistant natural beryl 
crystals are converted into a reactive glass. After drying, the 
brittle beryl glass is ground in a pebble mill to pass a Tyler 
200-mesh sieve. The ground beryl is then thoroughly mixed 
with 60 to 63°Be. sulphuric acid, with 5 to 10 per cent excess 
acid. The initial reaction is quite vigorous and sufficient heat 
is developed to bring the mixture to boiling. The reaction is 
completed by maintaining the temperature at about 250 to 300°C. 
until a dry material of sulphated ore is obtained. The soluble 
sulphates in the sulphated ore are leached out with water. In 
order to separate the aluminum from the beryllium, ammonium 
sulphate is added to the clear filtrate and ammonium aluminum 
sulphate separated by crystallization. From purified mother 
liquors pure beryllium sulphate is crystallized after concentra- 

23 “Beryllium, the Light Metal of the Future,” Cleveland, 1927. 

24 Compt. rend., 168 , 610-612 (1919). 

25 U.S. Patents 2,018,473 and Reissue 20,214 issued to Charles B. Sawyer 
and Bengt Kjellgren include the above described process. 
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tion and cooling. The pure beryllium sulphate is heated to 1000 
to 1400°C. to decompose the sulphate to beryllium oxide. 

Beryllium is hard and exceedingly brittle, resembling silicon 
in this respect. No thin sheet, wire, or ribbon has been made 
from it to date, as it is neither malleable nor ductile. 26 

Electrolysis. Chloride Process. — According to the American 
process, beryllium is made as follows: The anhydrous chloride is 
best prepared by heating BeO with carbon in an atmosphere of 
chlorine, with CC1 4 and chlorine, or with phosgene. The BeCl 2 
sublimes into the colder portion of the chlorination chamber, 



Fig. 147. — Beryllium electrolysis furnace. ( Courtesy Beryllium Corporation of 

America.) 


moisture and air being rigidly excluded. The chloride is then 
electrolyzed in a metal pot, preferably of a chromium-iron alloy 
containing about 20 per cent chromium and the balance iron. 
The corrosion resistance of such alloys prevents the introduction 
of iron into the flake metal deposited, either directly or by first 
being dissolved as a salt in the molten bath and subsequently 
electrolyzed out in metallic form. 

Five kilograms of BeCl 2 must be electrolyzed to obtain 500 g. 
of metal. The bath may be a neutral halide or mixture of halides 
of a metal or metals more electropositive than beryllium, chlor- 
ides and fluorides being preferred. Since the available chlorides 

2G Vivian, Trans. Faraday Soc. } 22 , 211 (1926). 
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are more soluble than the fluorides, any solidified electrolyte 
clinging to the deposited metal is more easily separated when 
chlorides are used. As an example, 25 kg. of NaCl may be used 
with 5 kg. of BeCl 2 . The metal pot, which acts as cathode, 
should be just large enough to hold this electrolyte and a graphite 
or carbon anode. It has been found preferable to use inert 
gases, such as hydrogen, to eliminate the danger of atmospheric 
oxidation. A typical furnace is shown in Fig. 147. One arrange- 
ment employs a dome-shaped cover provided with a small opening 
for the introduction of the inert gas during electrolysis and a 
larger hole for removing gases formed during the operation, such 
as chlorine and hydrogen, and for feeding in the anhydrous 
BeCl 2 - The anode passes through a hole in the center of the 
dome, fitted tightly by means of an asbestos ring which also 
serves as insulator. 

Before the BeCl 2 has been added, the pot containing NaCl is 
heated until the salt begins to melt. Hydrogen is then intro- 
duced and the BeCl 2 slowly added. The temperature is main- 
tained at about 730°C. As the BeCl 2 content of the bath is 
depleted, the temperature is raised, reaching about 820°C. at the 
end of the run. An alternative method adds the BeCl 2 in small 
portions throughout the electrolysis, the temperature being held 
at about 800° during the run. The chief objection here is that 
lower c.d. must be employed to prevent anode effect. 

Electrolysis is begun with about 600 amp., the voltage varying 
from 5 to 8 volts depending upon external resistances, contacts, 
and the like. Toward the end of the run the amperage is tapered 
off. At the conclusion of electrolysis the beryllium is found 
clinging to the inner wall of the pot, together with fused salt. 
The mass is scraped out into iron pots, a thin coating of salt 
protecting it from oxidation. When cold, the material is broken 
up and the salt leached rapidly from the metal with cold water. 
The metal is then washed with alcohol and dried. It is in the 
form of large, bright crystalline plates and spangles, quite free 
from oxide and other impurities. 

If heated in this divided condition, the metal oxidizes rapidly 
and will neither form a regulus nor alloy with other metals 
present. To bring it into coherent form, it is pressed in steel 
dies under several tons pressure into strong rods, disks, and the 
like. These are heated to 1300 to 1450°C. in a closed crucible 
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with a fused salt, such as BaCl 2 or a 90 per cent BaCl 2 10 per cent 
BaF 2 mix. The particles coalesce, forming a coherent ingot or 
regulus of bright metal. A complete fusion of the metallic 
contents of the crucible is obtained in this manner. The presence 
of 10 per cent fluoride in the flux facilitates the fusion of metal, 
since the fluoride tends to dissolve the thin film of oxide to which 
beryllium owes its stability in air, thus making coalescence 
possible. 

Electrolysis. Fluoride Process. — Illig 27 has described the 
Siemens-Halske method for the production of beryllium, based 
on the use of the double fluorides of beryllium and sodium as 
electrolyte. The development of beryllium manufacture was 
accomplished by Stock and Goldschmidt with the cooperation 
of Priess and Praetorius, who obtained metallic beryllium in the 
form of large reguli directly from a fused electrolyte. Earlier 
work had failed because, at the instant the metal was formed, it 
was at once reoxidized or vaporized. Salts previously used as 
electrolytes evaporated before the real reduction started, or the 
viscosity of the fused salt was too high, or finally, the affinity 
between the anion and cation was too great to allow separation 
under the conditions existing at that time. 

Stock and Goldschmidt attempted to find a method in which 
all the restricting conditions would be eliminated. They felt 
that the electrolytic separation of beryllium from a fused salt 
mixture could be possible only if a salt were used which, at the 
required temperature, did not evaporate at all or did so only 
slightly. On the other hand, to avoid an unusually high potential 
drop between the electrodes, the salt must also possess a very low 
viscosity at the melting point of beryllium, 1285°C. The 
anions must be easily separated or removed from the electrolyte. 
Thus the separated metal might be prevented from remaining 
in, or being redistributed in, the surrounding fused salt mass. 

These conditions were fulfilled in general by the double fluorides 
of beryllium with sodium and barium. The barium-beryllium 
fluoride has an appreciable viscosity around 1300°C., but also 
has the advantage of being only slightly volatile at this tempera- 
ture range. It has an appreciable dissociation within this range. 
The sodium-beryllium fluoride is strongly dissociated even at 
relatively low temperatures, giving an electrolyte of good 

27 Trans. Am. Electrochem. Soc 54 , 53 ( 1928 ). 
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conductivity. It has the disadvantage, however, that at very 
high temperatures the separated beryllium metal may be vola- 
tilized in appreciable quantities. 

If the electrolysis be started with the sodium-beryllium fluoride 
and some barium-beryllium fluoride be added in increasing 
amounts with rising temperatures, a useful mixture of the double 
salts is obtained for every temperature interval. When the final 
metal separating temperature of 1300 to 1350°C. is reached, 
it is not difficult to continue the electrolysis for many hours, 
provided suitable additions of both salts be made from time to 
time. 

Graphite containing as little iron as possible is the only material 
to use for the crucible which serves as anode. Some difficulties 
were encountered in mounting the electrodes of the crucible. 
The most satisfactory cathode material was a special iron made 
up into a hollow, water-cooled form. 

The electrolyzing current is sufficient to maintain the bath at 
the required temperature. The crucible is first filled with pieces 
of carbon or graphite, the iron cathode* being pressed firmly 
against these pieces. As soon as the proper temperature is 
reached, the pieces are quickly dumped out of the crucible and a 
charge of low-melting sodium-beryllium fluoride is immediately 
put in. Then barium-beryllium fluoride is added until the 
required temperature range is reached for the electrolysis to 
begin. 

In the older methods the electrolyte became more and more 
enriched in BaF 2 , thus shortening the time of a single charge. 
With the use of new salts, however, (stated to be beryllium 
oxyfluoride plus BaF 2 ), it is possible to make the process con- 
tinuous, limited only by the burning of the graphite crucible. 
Fluorine liberated during the process attacks the anode, forming 
carbon oxyfluoride, which in turn, by interaction with oxygen, 
forms CO in large amounts. A continuous, mechanical method 
for feeding electrodes is needed to render the period of electrol- 
ysis more or less independent of the life of the crucible. 

Valuable sublimation products formed during electrolysis are 
recovered, reprecipitated, and reused, poisonous gases such as 
fluorine and CO being drawn off. Material yields of approxi- 
mately 95 per cent and current yields of about 80 per cent are 
claimed to be not uncommon with the present-day salts employed. 
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The beryllium metal reguli vary with the size of equipment, 
being ordinarily in the neighborhood of 150 g. The metal is 
about 98 per cent” pure, which value can be raised by special 
treatment and at a sacrifice of yield to 99.9 per cent. Iron from 
the graphite crucible constitutes the chief impurity. 


H 2 0 cooled electrodes 



Fig. 148. — Arc furnace for the production of beryllium alloys. 


The recently developed double decomposition methods of the 
raw beryl for the formation of the electrolyte salts produce about 
65 per cent of beryllium, calculated as metal. Hence the final 
yield is approximately 60 per cent. 

Beryllium imparts heat-treating characteristics to copper, 
nickel, cobalt, and iron. It does not alloy with magnesium, 
and its aluminum alloys lack ductility to enable them to be 
rolled. 28 There has been no commercial use of beryllium in the 
28 Stott, Iron Age , 144 , 42 ( 1939 ). 
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light-alloy field, but there has been considerable application as 
low percentage beryllium (0.5 to 2.5 per cent) copper and nickel 
heat-treatable materials. For these uses the metal is prepared 
as an alloy from BeO, carbon, and a metal such as copper by 
reaction above 1600°C. in a manner similar to the procedure for 
aluminum-copper alloys from AI 2 O 3 , carbon, and copper in an 
arc furnace. 

The beryllium alloys are produced in an arc furnace as shown 
diagr ammati c ally in Fig. 148. 29 The furnace consists of a steel 
shell with carbon insulation surrounding a shell of carbon blocks, 
which in turn enclose a crucible made of rammed baked carbon. 
Vertical adjustable water-cooled graphite electrodes with a 
third bottom electrode are employed. The furnace is mounted 
on trunnions and discharges through a lip. The charge to the 
furnace consists of the heavy metal (copper or nickel), BeO, and 
carbon, which mixture has been ground in a ball mill. Small 
amounts of charge are introduced, the electrodes lowered, and 
arcs struck. The furnace is gradually filled up and the electrodes 
slowly raised, while arcs for heating are maintained. The BeO at 
the operating temperature of 1800 to 1900°C. is reduced by carbon 
to form metal and CO, the heavy metal, in liquid form, alloying 
with the beryllium. Under steady conditions there is a layer of 
molten metal at the bottom of the furnace and charge floating 
on this. The charge contains small particles of heavy metal 
which melt and pass down through the unmelted charge, melting 
beryllium and its vapors, with which it alloys and falls down to 


Table LII. — Electrolytic Production of 
Typical furnace charge: 

Copper, per cent 

Beryllium oxide, per cent 

Carbon, per cent 

Form of furnace charge 

Furnace size 

Furnace voltage 

Furnace current, amperes 

Operating temperature, degrees centigrade' 

Be content of alloy, per cent 

Be yield from oxide, per cent • 

Power requirements, kilowatt-hours per pound Be 
in alloy 


Beryllium Alloys 

82 

12 

6-6.5 

Powder or loose mixture 
10 in. diameter 
38 
600 

1800-1900 

4-5 

78 

55 


29 British Patent 500,469, Feb. 6, 1939. 
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the main body of metal at the bottom of the furnace. Tapping 
is intermittent. Operating data are given in Table LII. 

SODIUM 

In its early history sodium was important only as a reducing 
agent in the preparation of other light metals, as aluminum. 
Since that time, however, it has come into its own in other 
applications and uses: as an alloying material, a deoxidizing 
agent in light alloys, a “modifying” agent particularly in alumi- 
num and magnesium alloys; as a raw material for the manufacture 
of sodium cyanide, sodium oxide, sodium peroxide, which in turn 
may be used in connection with the manufacture of oxidiz- 
ing agents such as the perborates; as well as uses of sodium 
metal in miscellaneous applications in the synthesis of organic 
compounds. 

Metallic sodium is now made in large quantities by the elec- 
trolysis of NaOH or NaCl. For many years only the former was 
used as a raw material. Satisfactory cells have been developed 
so that NaCl has largely replaced NaOH as a starting substance 
for metallic sodium. 

Castner Process. — Formerly the most important cell for the 
production of sodium from NaOH was that of Castner, shown in 
Fig. 149. The cell consists of an iron vessel mounted in a brick- 
work furnace so that it might be heated externally. At the 
bottom the vessel is provided with one or more base pipes or 
extensions in which the cathode is located vertically, being held 
in place by solidified caustic around it. Suspended directly 
above the cathode is an iron cylinder with a cover from wdiich 
depends an iron-wire gauze diaphragm, completely surrounding 
the cathode and being located about midway between the cathode 
and anode. The anodes are in the form of bars dependent from 
the cover, or the anodes and the cover may be cast in one piece. 
The small cylinder directly above the cathode serves as a sodium- 
collecting chamber from which the liquid sodium metal is ladled 
out. Caustic is fed into the anode compartment of the cell 
through an opening in the cover. The gauze diaphragm prevents 
sodium metal particles from passing to the anode. 

The electrolysis of NaOH takes place at a constant temperature 
not exceeding 20° and preferably at 10° above the melting 
point of the material. This low value is necessary since sodium 
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metal will redissolve and combine readily at higher temperatures. 
The melting point of pure NaOH is 318°C., which impurities 
can bring down to 300°, so that electrolysis is most conveniently 
carried out at 310 to 320°C. Sodium yields equal to the theo- 
retical are obtained when the temperature of the NaOH is held 
within 5° of its melting point, while 90 per cent or the greatest 
commercial yield is obtained at 10° above the melting point of 
NaOH. With increase in temperature the yield decreases, and 
at about 20 to 25° above the melting point the rate of recom- 
bination of the sodium is about equal to that of the decom- 
position of hydroxide; no metal is produced. 



Fig. 149. — Castner cell for the production of sodium. 


At the beginning of electrolysis, until all the water of the caustic 
has been decomposed, hydrogen and oxygen alone are given off. 
Sodium and hydrogen are then deposited at the cathode, oxygen 
at the anode. Great care is required to prevent recombination 
of these elements because of the resulting explosion. It is 
important that the caustic alkali used be as free as possible from 
salt. When large amounts of NaCl are present, the bath fouls 
rapidly because of the attack on the iron parts of the cell. Under 
any conditions the impurities build up in the cell so that the 
electrolyte must be changed periodically. Impure electrolytes 
become viscous and conduct badly. Increase in the necessary 
voltage and temperature, and decrease of yield, result. 

Commercial cells are small, a size formerly commonly employed 
containing 250 lb. of molten NaOH, operating at 1,200 amp. at 
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5 volts, at about 45 per cent current efficiency. The cell proper 
was about 18 in. in diameter and 2 ft. deep. The cathodic c.d. 
was 2,300 amp. per sq. ft. (250 amp. per dm. 2 ). 

The reactions of the cell are given as 

2NaOH -► 2Na+ + 20H“ 

40H 2H s O -f 0 2 

2Na + 2H 2 0 -> 2NaOH + H 2 

H s O H+ + OH- 


The last equation is the most important source of loss, but if as 
the result of high temperatures sodium migrate to the anode, it 



Fig. 150. — A commercial sodium-producing plant employing modified Castner 
cells. ( Courtesy Krebs A* Co., Berlin .) 


may unite there with the oxygen to form Na 2 0 2 , which in turn 
might react with more sodium to form Na 2 0, which reacts with 
water to form hydroxide. In addition, sodium may dissolve in 
the melt and cause loss. 

In a process such as the Castner, the maximum current yield 
will not exceed 50 per cent, inasmuch as there is one equivalent of 
water for two of sodium. In practice a 40 per cent yield is 
more often the case. 

A commercial sodium-producing plant employing modified 
Castner cells is shown in Fig. 150. 
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The sodium which dissolves in the melt at high temperatures 
evidently exerts a depolarizing effect at the anode. This was 
found by Le Blanc and Brode 30 to be so great that oxygen evolu- 
tion occurred only at high c.d. The gas formed at the anode 
was a mixture of equal parts of hydrogen and oxygen. When a 
cell produces little sodium and has frequent explosions, the melt 
is dissolving too much sodium as a result of excessive temperature. 
The anode is partly depolarized in consequence, and the reaction 
between the sodium and the moisture present forms mixtures of 
explosive gas. At low temperatures hydrogen is evolved at the 
cathode, whereas at high temperatures it appears at the anode. 
Its visibility at high temperatures is controlled by the c.d. 

Sodium peroxide dissolved in the caustic produces a depolariz- 
ing effect at the cathode which is similar to that of sodium at 
the anode. The absence of any such depolarizing agents in a 
pure caustic soda melt causes the passage of only small currents 
through the electrolyte at low voltages. The peroxide present 
at the anode and the dissolved metallic sodium at the cathode 
exert a depolarizing action for the other electrode. As electrol- 
ysis continues, the reaction 

Na 2 02 -{- 2Na = 2Na 2 0 

occurs. If water be present at the anode, the following will 
occur: 


Na 2 0 + H 2 0 = 2NaOH 


in addition to a direct action of a part of the sodium on the water. 
The melt will thus be saturated with either sodium or Na 2 0 2 , 
depending upon the relative activities of the reactions. How- 
ever, by permitting fresh electrolyte to flow from anode to cathode 
or the reverse, anodic or cathodic polarization is effected as 
desired. 

On an assumed decomposition voltage of 2.25 and a current 
efficiency of 40 per cent, Allmand 31 has calculated the efficiency 
of the Castner process as 18 per cent and the energy consumption 
as 14,600 kw.-hr. per ton of sodium. 


30 Z. Elektrochem., 8, (1902). 

31 Electrochemistry ” 2d ed., p. 502, Longmans, Green & Com- 
pany, New York, 1924. 
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Sodium from Sodium Chloride. — It has long been the aim of 
investigators to produce sodium metal by the electrolysis of fused 
salt. A large number of cells have been proposed, some of which 
were so complicated that they could not be worked under the 
temperatures and conditions necessary for operation. Only in 
recent years has the problem been solved. Pure NaCl melts at 
805°C. } impure material as low as 775°. Sodium metal boils 
at 877°C., and at 800 it has a very high vapor pressure. Even at 
600° its vapor pressure is so high that it burns briskly and must 
be protected from oxidation. This complicates the apparatus 
considerably. Materials of construction of the cell, particularly 
of a nonmetallic nature, which will resist the reducing action of 
sodium metal at 600°, are limited in number. In addition, the 
metal is very fluid and finds its way into the smallest cracks. 
It is fortunate that the solubility of sodium metal in fused salt 
electrolytes at 500 to 600°C. is small. Above this temperature it 
increases markedly, and at 700 and above the formation of sodium 
metal fog in the electrolyte is so great that it is not possible to 
deposit metallic sodium. The electrolytes employed are those 
to which additions have been made to bring the melting point 
200 to 300° below the melting point of salt.. 

Smith and Yeazey 32 proposed an electrolyte of 35.6 parts 
NaCl, 64.4 parts Na 2 C0 3 by weight, which has a melting point 
of 600° and which upon electrolysis in a Castner cell produced 
metallic sodium. Pfleger and Ott 33 patented modifications of 
the Castner cell to adapt it to the electrolysis of NaCl. Dia- 
phragms of the w T ire-net type were used between the anode and 
cathode, and domes or collecting chambers as in the Castner 
cell were employed for the sodium. The space between the 
outer wall of the sodium-collecting chamber and the inner wall 
of the anode was lined with a material to resist the action of 
chlorine, the space being employed as a chlorine dome. In the 
McNitt cell 34 the collecting chamber of the Castner cell is 
elongated so that a hydrostatic head may be maintained on the 
liberated sodium metal, the entire cell being closed and used for 
the electrolysis of NaCl. 

32 U.S. Patent 1,334,179 (1920). 

33 U.S. Patent 1,186,936-7 (1916). 

34 U.S. Patent 1,214,808 (1917). 
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The Downs cell, 35 shown in Fig. 151, employs the electrode 
rising through the bottom of the cell at the center as the anode 
and superimposes a chlorine-collecting dome. The cathodes 
are at the side of the cell. Diaphragms are used as in the 
Castner cell and the sodium collected in hoods in which a hydro- 
static head is maintained as in the McNitt cell. Borne of 
the fundamental ideas of Castner, such as sealing the electrodes 
where they enter the cell by the use of solidified electrolyte, are 
employed. Anode c.d. are much lower than those at the cathode, 



otherwise anode effects will be introduced. Faces of the elec- 
trodes are parallel. The cell body is iron, lined with a refractory 
brick. The cathodes entering through the sides are of iron, the 
anode of artificial graphite. The chlorine-collecting dome is 
either of iron or iron coated with a ceramic mateiial, or of clay- 
ware. In contradistinction to the other cells, the Downs cell is 
open at the top at which point new electrolyte or electrolyte 
constituents can be fed in. Operating temperatures are of the 
order of 600°C. The current furnishes the thermal energy for 
the cell to keep the electrolyte molten. Current efficiencies are 
of the order of 75 per cent. The voltages necessary are higher 

35 British Patent 238,956 (1924). 
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than those in the Castner cell, and the energy consumption is 
stated to be 14 to 16 kw.-hr. per kg., or 14,000 to 16,000 kw.-hr. 
per metric ton, which is about the same as in the Castner cell. 

The advantages of NaCl electrolytes over NaOH lie in the 
facts that cheaper raw materials are employed and a by-product 
chlorine gas is obtained. 

Among the cells developed using liquid cathodes in the produc- 
tion of metallic sodium from NaCl, that of Acker is important 
although its ultimate purpose was to produce NaOH. 36 The 
furnace consisted of an irregularly shaped cast-iron box with 
slanting sides on which there was no machine work except that 
required on the terminal where connection was made with the 
copper bars which carried the current. The furnace casting was 
divided into three compartments, one of which was relatively 
large, was lined with magnesia or so-called “magnesite” brick, 
contained the molten salt, and constituted the decomposing 
chamber. The bottom of this chamber (the “hearth 7 ’ of 
the furnace) was covered with a shallow body of lead, usually 
about 1 in. deep, which also extended into the other chambers 
through connecting channels. This shallow body of lead on the 
hearth was caused to move continually in one direction to one end 
of the decomposing chamber, where it passed through a short 
channel into one of the small chambers called the “well.” From 
here it was elevated and forced over a dividing wall or partition 
into the adjoining small chamber called the caustic chamber, 
from which the lead passed into and through a long channel 
to the other end of the furnace casting, where it again spread 
over the hearth and came in contact with the salt. 

In starting a furnace molten lead was first poured over the 
hearth to the requisite depth. Two of the anodes were placed in 
position, but these anodes were equipped for starting purposes 
with a number of small carbon rods or “pins” about 1 in. in 
diameter and 5 in. long, which were fitted into the lower end of the 
anode proper and from which they extended into the lead. 
When these anodes were in position, the salt was shoveled 
into the furnace until they were entirely surrounded and covered 
up, after which the furnace was cut in in series with all the other 
furnaces. The full current passed down the starting anodes and 
through the small carbons. These soon became red hot and later 
36 Trans. Am. Electrochem. Soc 1 , 169 ( 1902 ). 
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almost white hot, causing the surrounding salt to melt and the 
entire furnace and contents to come up gradually to the working 
temperature. The rapidity with which the furnace was brought 
up to the desired temperature was under perfect control and 
was regulated by the number of carbons or pins attached to the 
lower end of the regular working anodes. Furnaces were started 
on 4 volts and, if cold, continued at 4 volts for some time. 

A current of 8,000 amp. was employed in one series of furnaces 
with 4 anodes to a furnace. Each anode therefore conducted a 
current of 2,000 amp. which fused the salt, maintained the 
temperature at a low red heat, and decomposed it, the c.d. being 
2,750 amp. per sq. ft. (295 amp. per dm. 2 )- The average current 
efficiency was 93 per cent, higher values being claimed on indi- 
vidual furnaces. 

CALCIUM 

Calcium is manufactured by the electrolysis of the fused 
chloride. 

It is difficult to prepare pure anhydrous CaCl 2 owing to 
hydrolysis. In the presence of impurities, calcium metal is 
attacked by the melt. The bath thickens, the conductivity 
decreases, and the yield of calcium falls. Metallic calcium to 
the extent of 17 per cent can be taken up by the melt, together 
with several per cent of iron (assuming an iron container) ; the 
condition of the electrolyte grows worse with each cooling and 
reheating. In commercial work the electrolyte must be occasion- 
ally completely changed. Calcium oxide is soluble to the 
extent of several per cent in fused CaCl 2 . When electrolyzed, 
the oxide content is reduced to zero. Basic salts of a lower 
oxide of magnesium, CaC 2 , and carbon, all build up in the 
electrolyte as impurities wffiich necessitate electrolyte change. 

Pure CaCl 2 melts at 780° and impure calcium metal at 800°C. 
The finely divided metal burns in air above 800° and easily 
forms metal fog in the electrolyte. The range of safe working 
temperatures is small. 

Arndt and Willner 37 state the decomposition voltage of CaCl 2 
at 800° to be 3.24 volts. Arndt and Gessler 38 give the specific 
conductivity of the salt at 800° as 1.9. 

37 Z. Elektrochem., 14, 216 (1908). 

38 Z. Elektrochem 14, 662 (1908). 
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Ruff and Plato 39 made small quantities of calcium metal using 
an electrolyte of 100 parts CaCl 2 and 16.5 parts CaF 2 , melting at 
660 . The bath temperature was 760° and was raised to 800° 
in the immediate neighborhood of the cathode, as the result of 
high cathodic c.d. (3 to 5 amp. per mm. 2 or about 1,900 to 
3,200 amp. per sq. in.) at 30 volts. 

A number of laboratory studies of calcium production have 
been made. 40 The commercial method for calcium production 


Flo. 152. 


-Commercial calcium cell. (Courtly SocietS d\ Electrockimie et d’Blec- 
tromStallurgze d Ugzne, Jarrie, France .) 


uses a vertical contact cathode, upon which the calcium is 
deposited as the cathode is continuously moved upward. The 

operating details are given in Table LIII. 

In reference to the energy consumption figure in Table LIII 
the variation between 30,000 and 50,000 kw.-hr. per ton is a 
unction of (1) the size of the furnaces employed, (2) the 
details of construction and carefulness of insulation of these 
urnaces, and (3) the length of the operating campaign before 
39 Ber., 35 , 3612 (1902). 

49 Wohler, Z. Elektrochem., 11, 612 (1905); Bbace, Trans. Am Electro- 
chem. Soc., 37 , 465 (1920); Chem. & Met. Eng., 25 , 105 (1921)- Gooi 
J_ Am.CKem. Soc 26, 873 (1903); 26, 1403 (1904 ; JoJsZ’rZZ 

f 8 U 7 tZm^ 8 ’ 125 ( l 91 ° ): Fraey ’ Bicknell, and Tb^nsok, 

, 117 (1910), Rathenatj, Z. Elektrochem 10 , 508 (1904). 
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changes need to be made either in the electrolyte, in the cell proper, 
or in the electrical connections. The lower figure is obtainable 
with large cells and long campaigns, while the higher figure is 
encountered in connection with small cells either infrequently 
operated or producing calcium metal for only short periods. 
Figure 152 shows an early commercial cell for the manufacture 
of calcium. 

Table LIII. — Operating Details for the Electrolytic Production of 

Calcium 

Electrolyte Pure calcium chloride 

Temperature, degrees centigrade 780-800 

Current : 

C.d., amperes per square inch cathode. 650 (100 amp. per sq. cm.) 

Energy consumption 30,000 to 50,000 kw.-hr. per ton, 

15—25 kw.-hr. per lb. 

Theoretical decomposition voltage of 

CaCl 2 at 800°C 3.220 

Melting point of CaCU, degrees centigrade 780 
Specific conductivity of CaCL at 800°C . . 1.921 
Pounds CaCl 2 per pound Ca (theoretical) 2.76 
Pounds CaCla per pound Ca (actual) .... 4.5 

Anodes Graphite 

Cathodes : 

Material Iron or graphite coated with 

calcium 

Type Vertical, with surface contact 

Cells: 

Lining Carbon 

Casing Sheet steel 

Low recovery values of CaCU in terms of calcium metal are 
chiefly due to the atomizing effect of the violent chlorine evolu- 
tion. This causes a fine spray of electrolyte which is carried 
up the flue of the ventilating system. Other losses are due to the 
necessary skimming of the hath at intervals and to the layer of 
chloride formed on the calcium as it is drawn from the bath. 
Once in operation, the cathode is effectively one of calcium metal. 
Thin layers of CaCb protect the metal from the air. The com- 
mercial metal may contain small quantities of carbon, carbide, 
and alkali and alkaline earth metals. 

LITHIUM 

Lithium is an alkali metal although in some respects it has 
properties similar to calcium and magnesium. It is best known 
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in the form of its salts, “but lately it has aroused interest as an 
alloying metal for nonferrous alloys. Its ores are available 
in considerable quantities as spodumene, a lithium-aluminum 
silicate containing about 3.8 per cent lithium; lepidolite, a 
lithium mica containing 0.8 to 2.7 per cent lithium; triphyline, 
a complex double phosphate containing sodium, iron, and man- 
ganese and about 3.6 per cent lithium; and other minor ores. 

The lithium values in these ores are concentrated by wet 
chemical processes in which the lithium is recovered as a car- 
bonate. The metal can be produced by electrolysis of fused halides 
of potassium and lithium. The electrolytes used are either LiCl 
and KC1 or these with some LiBr. 

Commercial cells produced lithium metal from LiCl at a current 
efficiency of over 90 per cent and a metal yield, on the basis of 
the LiCl input, of 95 per cent. The lithium metal was 99.5 per cent 
pure and was produced in the same type of cell as employed for the 
electrolytic production of sodium metal. 41 

Lithium metal in the pure state is silver white in appearance. 
It is harder than sodium or potassium, but less hard than lead, 
calcium, or strontium metals, its hardness on the von Moh scale 
being 0.6. Its specific gravity at 20°C. is 0.534, which makes it 
the lightest metal known. It floats easily on water and nearly 
all kinds of oils. The melting point of the metal is about 186°C., 
but it forms an amalgam which melts only at 600 °C. Lithium 
is very reactive chemically, rapidly absorbing oxygen and 
nitrogen from the air to form oxides and nitrides. The metal is 
available in small amounts commercially, of a purity ranging 
from 98 to 99 per cent Li, the remainder consisting of metallic 
sodium and potassium. 


CERIUM 

The electrolytic production of cerium in appreciable quantity 
was first accomplished by Muthmann, Hofer, and Weiss 42 from a 
melt of 90 per cent CeCl 3 and 10 per cent KC1 and NaCl. A 
copper crucible, with the upper half water jacketed, formed the 
cell. The cathode and anode were carbon rods, the one inserted 
in the bottom of the crucible, the other suspended above it. 
Voltages were of the order of 12 to 15 volts. Developments by 

41 Osbobg, Trans. Electrochem. Soc., 66, 91 (1934). 

42 Lieb. Ann., 320 , 231 (1902). 
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Hirsch 43 offered a simpler process. His cell was a short piece of 
3-in. iron pipe screwed at one end into a 5-in. iron flange on 
which a well-faced iron plate was bolted to form the bottom of 
the cell, the entire arrangement serving as cathode. The anode 
was a small graphite rod. A small quantity of NaCl was first 
fused in the cell, then CeCl 3 was added until good conduction 
was established. A little KF and BaCl 2 , added from time to 
time, respectively eliminated any oxide formation and increased 
the resistance and temperature of the melt. Current efficiencies 
were of the order of 36.5 to 41.5 per cent, with voltages of 12 to 
14 volts and currents of 200 amp. In technical practice, cells 
were cast-iron pots 8 in. in diameter and 18 in. deep, with anodic 
c.d. of 5.5 to 6.5 amp. per sq. in. (85 to 100 amp. per dm. 2 ), 
depending upon whether carbon or graphite anodes were used. 
Cathodic c.d. were one-third to one-quarter the value at the 
anode. At the end of 24 hr., alkaline chloride had piled up in the 
bath to so great an extent that electrolysis was discontinued. 
Stirring just before the end of the run caused the metallic par- 
ticles to aggregate together. 

To prevent the formation of drops of cerium throughout the 
electrolyte and a consequent loss of metal, anhydrous CeCl 3 
must be used and the alkaline chloride content of the melt must 
be kept low. Careful temperature regulation is essential so that, 
on the one hand', metal fog production and the alloying of cerium 
with iron at high temperatures may be avoided, and on the other, 
metallic conductance rather than electrolysis may not occur. 

The chief commercial importance of cerium is in its use as a 
constituent of Misch metal, an alloy of cerium with other metals 
of the same group. The Misch metal is used in the manufacture 
of pyrophoric alloys (65 to 70 per cent cerium metals and 30 to 35 
per cent iron) from which “flint” lighters, automatic gas lighters, 
and tracer bullets and shells are made. It is eleetrolytically 
produced from fused chlorides which result from the treatment 
of residues of monazite sand from which the thoria for incan- 
descent gas-mantle manufacture have been removed. 

LEAD ALLOYS 

Alloys of lead containing barium and calcium are produced by 
the electrolysis of fused salts in which fused chlorides of barium 

43 Trans. Am. Electrochem. Soc., 20, 57 (1911); Chern, & Met. Eng., 19, 
511(1918). 7 
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and calcium are electrolyzed over a bath of molten lead as a 
cathode. Calcium-barium-lead alloys are described in the 
patent literature. 44 They are suitable for bearing metals. In 
the commercial manufacture of these alloys, iron pots of about 
2 tons capacity each are partially filled with high-quality pig 
lead. Each pot is set in brickwork over a coal-fired hearth. 
The lead in the pot is melted by external heat. The molten 
lead is covered with a layer of a mixture of calcium and barium 



Fig. 153.- — Battery of electrolytic pots at the plant of the United Lead Company, 
Keokuk, Iowa. ( Courtesy United Lead Company.) 


chlorides of high purity in such proportions as to give a low 
melting point. The salt layer is usually 3 to 4 in. thick. Each 
pot is equipped with a graphite anode at the center, arranged 
for lowering or raising the electrode. Figure 153 shows a 
battery of electrolytic pots at the plant of the United Lead Com- 
pany at Keokuk, Iowa. In starting, the anodes are immersed 
in the chlorides which have Sufficient resistance to the current 
so that they can be fused directly. External firing is uniform 
and temperature control is obtained electrically by raising 
or lowering the anodes. The fused salts are electrolyzed, the 

44 Wettstein, U.S. Patent 1,360,339; Worrall, U.S. Patent 1,360,348; 
de Campi, U.S. Patent 1,360,272. 
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resulting barium and calcium adsorbed in the molten lead cath- 
ode. Anode effects, metal fogging and arcing, as well as the 
formation of calcium and barium carbides, reduce the efficiency of 
the process. Approximately three days of electrolysis is required 
to produce a lead alloy containing 2 per cent of the alkaline earth 
metals. The molten salts and carbides tend to freeze at the 
top and around the periphery of the interior of the pot, forming a 
hard surface. This acts as an insulator and prevents loss of 
current which might pass through the fused electrolyte from the 
anode directly to the iron pot instead of to the molten lead cath- 
ode. If the crust form too near the anode, it may need to be 
broken down to give good operating conditions. The rate of 
adsorption of the calcium and barium by the lead seems to be 
logarithmic, a condition which is probably due to equilibria set 
up between the lead and the alkaline earth metals at one end and 
the decomposition and reactions of the fused electrolyte at the 
other. 

During the course of electrolysis, samples of the molten 
cathode metal are removed and the alkaline earth metal contents 
determined. When the desired concentration has been reached, 
current is shut off from the pots. The molten alloy is run out 
at the bottom into a carrying ladle in which it is conveyed to a 
large mixing kettle for the production of a uniform batch of 
considerable tonnage. 
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ELECTROTHERMICS 




CHAPTER XX 


ELECTROTHERMICS IN GENERAL 

The usefulness of electric furnaces and electric heating in 
chemical and metallurgical work was demonstrated long before 
there was a sufficient supply of electric power for the commercial 
development of possible applications. Davy produced sodium 
and potassium in an apparatus that was really a small electric 
furnace. In 1839 Robert Hare 1 operated an electric furnace in a 
vacuum under a bell jar by means of a battery current and pro- 
duced CaC 2 , graphite, phosphorus, and calcium. 

The manufacture of many electrochemical and electrometal- 
lurgical products requires temperatures higher than those 
obtainable by combustion methods. In this particular field 
there is no competition with heating obtainable by the use of 
fuels. In general, electric heating shows greater flexibility of 
application than do competitive methods of gas or solid fuel 
combustion. Electric heat can usually be developed at, or adja- 
cent to, the point of use more rapidly than fuel heat. In electric 
heating there is a lower temperature gradient between the heat 
source and the point of use. In contradistinction, flame tempera- 
tures are often 500 to 1100°C. higher than the working tempera- 
tures required. Smoke, grease, dirt, ashes, moisture, fumes, and 
other products of combustion are eliminated. Ordinarily less 
time and attention in operating and maintaining the apparatus 
are needed. In general, electric heating tends toward more 
comfortable, convenient, and healthful living or working con- 
ditions. No air is required to support combustion and hence 
there are no thermal losses involved in preheating the air. 
Cumbersome and bulky combustion chambers and muffles are 
eliminated, with more efficient heat transfer as a result of these 
factors. No heat is lost through stacks except in certain types of 
low-temperature apparatus where moisture and volatiles have to 
be removed by ventilation. Electrical apparatus lends itself to 

1 Doremus, Trans. Am. Electrochem. Soc 13, 347 (1908). 
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careful and thorough insulating with a resultant reduction of 
radiation losses. Electric heating apparatus shows higher rela- 
tive efficiency than fuel-burning equipment. 

Table LIV. — Methods of Electric Heating 

I. Resistance heating 

A. Substance heated functioning as resistor 

1. Solids as resistor 

a. Metal rods, rivets, etc., as resistor 

b. Carbon or graphite resistors (furnaces for producing 

graphite electrodes) 

c. Reactive furnace charges (electrothermic zinc) 

2. Liquids as resistor 

a . Water (instantaneous water heating, water rheostat) 

b. Fused electrolytes 

B . Auxiliary elements acting as resistor 

1. Metallic wire or ribbon resistors (usually nickel-chromium 

alloys, also molybdenum and platinum) 

2. Cast metallic resistors 

3. Nonmetallic resistors 

a. Silicon carbide compounds in form of rods and tubes 

(“Globar” elements) 

b. Granular carbon resistors (Baily furnaces) 

c. Carbon plate resistors under pressure 

d . Carbon core resistors, surrounded by charge (SiC 

furnaces) 

XI. Arc heating 

A. Direct-arc method 

X. Between electrode and substance 

a. Direct series arc (Heroult furnaces) 

b. Direct arc, free hearth electrode (Girod furnace) 

c. Direct arc, buried hearth electrode (Greaves-Etchells 

furnace) 

d. Mixed types of a , b, and c (Booth, Nathusius furnaces) 

B. Indirect-arc method 

1. Between two or more electrodes placed end to end (Detroit 

furnace) 

2. Between two or more electrodes mounted at angles to each 

other (Stassano, Rennerfelt furnaces) 

III. Induction heating 

A. Low-frequency, coretype 

1. Solid resistor as secondary (Kjellin furnace) 

2. Molten metal as secondary (Ajax-Wyatt, Rochling-Roden- 

hauser furnaces) 

B. High-frequency, coreless type 

1. Combinations of conducting or nonconducting crucible and 
conducting or nonconducting charge f Ajax-North rup 
furnace) 
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From the electrochemical viewpoint, perhaps the most impor- 
tant reason for the application of electric heating is that it 
allows higher temperatures to be obtained and processes to be 
simplified. At the higher temperatures obtainable in electric 
furnaces, many chemical reactions proceed w T hich cannot be made 
to take place at lower temperatures with any appreciable speed. 
In many cases electric heating methods are the only ones 
available for the production of certain materials. Electric 
heating methods may be classified as in Table LIY. The 
entire field will be divided into resistance, arc, and induction 
heating, the last being subdivided into low- and high-frequency 
applications. 

From the electrochemical viewpoint, Sec. II and III are of 
considerably greater interest than is the larger part of Sec. I 
with the exception of I A -2b which has been discussed previously 
under fused electrolytes. The field of application of electric 
furnaces will be subdivided into (1) those employed for iron and 
steel, (2) those especially adapted to the melting of nonferrous 
metals and alloys, and (3) those commonly employed in the 
production of the ferroalloys. To this must be added (4) the 
discussion of nonmetallic products, such as CaC 2 , SiC, graphite, 
as well as distillation products such as CS 2 , produced in electric 
furnaces of the arc and resistance types. 

In the method of heating by direct resistance, the heat neces- 
sary to keep the bath molten is produced by making use of the 
electrical resistance of the material being heated. Since heating 
is effected by the passage of the current through the liquid mate- 
rial, the heat is distributed throughout the mass. Inasmuch 
as the heat generated I 2 R is proportional to the square of the 
current, the amount of heat could be regulated by changing the 
resistance of the furnace, and low- voltage currents could be used. 
In iron and steel metallurgy, however, the disadvantages out- 
weigh the advantages, in that the specific resistance of iron is 
low. The high temperatures for melting could be obtained only 
by the use of very heavy currents requiring large investments in 
copper electrical connections. It might be possible to get around 
this by increasing the length of the bath and decreasing the cross 
section. Such an arrangement is not feasible because the large 
area of bath resulting would entail disproportionate radiation 
losses and preclude the easy handling of slags and metal. 
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In indirect resistance heating, instead of depending upon the 
resistance of the material to furnish the heat required, some other 
conductor having a high resistance is built into the furnace in 
such a way that the heat generated in it would be absorbed by 
the material to be heated. This is the principle employed in 
furnaces of the SiC plate resistor and general resistance type. 
The method is not readily applicable to steel metallurgy, in that 
the resistor cannot be composed of carbon, which would be taken 
up by the steel. Any other type of resistor which might be used 
could not be placed in the bath because it would then be in an 
electrical circuit in parallel to the metal. The metal, being of 
lower resistance, would carry most, and the resistor only a small 
portion of the current. Crucibles to contain the molten metal 
might be employed, but these are distinctly limited in size. 
The simplicity and practicability of the electric arc for high- 
temperature melting have caused the arc furnace to find wide 
application in the steel industry. 

A distinction should be made between electric sparks and 
electric arcs. Air is practically a nonconductor, but it is possible 
to create a high potential difference between two given points so* 
as to cause a current to jump the gap and establish equilibrium 
conditions. These occur in electric storms and in various forms 
of electrostatic phenomena. In arcs the current also appears to 
pass through the air. It will be observed, however, that the 
necessary voltages are much smaller than those needed to cause 
sparks. The arc is formed between two carbon electrodes, but, 
in order to strike the arc, the electrodes are brought in contact, 
after which a gap may be gradually produced and the arc still 
maintained. If the gap should become too wide, the arc will 
break. Hence in arc furnaces some means of regulating the dis- 
tance between the electrodes must be provided. In sparks the 
air or gas between the electrodes is a conductor, but it is not 
employed as such in arcs. Arc phenomena are explained on the 
assumption that some of the electrode material is vaporized by 
the heat of the arc, and that these vapors serve as the conductor. 
The arc gives us the highest temperatures yet obtained. The 
limit in commercial practice is set by the materials forming the 
electrodes and the materials of construction of the furnace body. 
The intensity of the heat of the arc may be' appreciated from the 
fact that carbon vaporizes at 3500 to 3600°C. 
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The temperatures reached in arcs between different electrodes 
are given in Table LV. Other than the atomic hydrogen form, 
the carbon arc is the hottest arc, making possible the concentra- 
tion of a large amount of power in a small space. In a furnace, 
the temperature gradient between the arc and the furnace is 
high. The heat-transfer rate is a function of the differences of 
the fourth powers of the absolute temperatures of a radiant and a 
receptive surface. Part of the heat developed by an arc in the 
furnace is transferred by radiation directly to the charge and the 
remainder to the furnace walls and reradiated to the charge. Arc 
furnaces, therefore, have high melting rates. 

Inasmuch as a.c. is commonly employed in arc furnaces, there 
being no electrolytic action desired, it is of interest to consider 
the arc itself. Fundamentally, if only a half cycle of a.c. be 
considered, the arc is a d.c. mechanism. In the direct arc the 
voltage and current are continuous. In the a.c. arc the current 
is started at the beginning of each half cycle by a hot cathode, 
and the instantaneous values of current vary during the half 
cycle. With each current reversal and at the end of each half 

Table LV. — Arc Temperatures 1 

Arc Temperature, 


Electrode Degrees Kelvin 

Carbon 3413 

Tungsten 3000 

Iron 2430 

Nickel 2365 


1 Compton, J . Am . Inst . Elec . Engrs 46, 1192 (1927). 

cycle the tips of the electrodes change their polarity, becom- 
ing alternately anode and cathode of the arc. Figure 154 2 shows 
the relationship between the effective arc voltages and effective 
current for an a.c. arc. The curve is similar to that of a d.c. arc 
in that increase of current is associated with decreased arc voltage. 
An arc operated from a constant-voltage circuit is inherently 
unstable. 

The voltage needed to start a current through an arc gap is a 
function of the cathode temperature and the conducting ability 
of the atmosphere between the electrodes. The hotter the 
cathode temperature and the better the gaseous medium be as 
a conductor, the lower the starting arc voltage. If the atmos- 

2 St ansel, Gen. Elec . Rev., 31, 483 (1928). 
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phere between the ares be a material such as a metal vapor 
which is a good conductor, the current will start almost simul- 
taneously with the voltage. If the electrode gap be filled with 



Amperes 

Fig. 154. — Volt-ampere characteristics of an a.c. arc. ( Stansel .) 

slag or metal and slag, as in smothered arcs, lower voltages may 
result because of the higher conductivity of the intervening 
material. 

Inasmuch as the tips of the electrodes during operation become 
dissimilar to a greater or less extent, there is usually a small 
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Fig. 155. — Change in arc power factor with change in watts in the arc. ( Stansel .) 

amount of rectification of a.c. between carbon electrodes. This 
effect is so small that the operation of the arc is not influenced by 
the d.c. energy produced. 





ELECTROTHERMIGS IN GENERAL 


459 


The power factor of a typical arc is given in Fig. 155 as the 
ratio of the watts to the volt-amperes. When all the influences 
are summed together, the power factor of the arc is generally 
above 85 per cent. 

The a.c. arc when operating from a constant voltage circuit is 
rendered stable by a reactance in series. In the arc furnace, 
current variations, as long as the arc continues and power input 
is maintained, are not important, but voltage regulation of the 
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Fig. 156 . — Characteristics of the arc furnace circuit. (Stansel.) 

power system depends upon the extent of current fluctuations 
in the system. The electrical characteristics of a small arc 
furnace are given in Fig. 156. Maximum power in the arc itself 
is given at a power factor between 75 and 80 per cent. 

Modern electric furnaces are somewhat complicated mecha- 
nisms. To illustrate by example, the electric furnace most 
widely used in the steel industry is of the three-phase arc type. 
The complete electrical installation includes: 

1. A transformer to step down the voltage of the power supply system to 
the voltage or voltages needed for the furnace. The transformer is ordi- 
narily of the multitap type. 
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2. A secondary bus line and supporting structures between the transformer 

and the furnace. # 

3. Reactors, usually in the primary circuit of the transformer, to maintain 
arc stability and limit current fluctuations to the desired value if the react- 
ance of the conductors be not sufficient to do this. 

4. Switching apparatus for the control of the furnace, along with instru- 
ment and meter equipment. 

5. Small d.c. motors with each electrode, with automatic regulators for the 
control of the electrode motors. 

6. If d.c. be not available for the electrode motors, a motor-generator 
set must be added to the list of apparatus. 

7. Except in small hand-tilting furnaces, a tilting motor for the operation 
of the tilting mechanism. 

It will thus be seen that the furnace proper, consisting of the 
shell, roof, electrodes, and tilting mechanism, is only a small part 
of the complete furnace setup. 

In induction heating furnaces the bath or material to be heated 
is made to form the closed secondary circuit of an electric trans- 
former. This secondary can then consist of but one coil. Elec- 
trical energy is supplied to a primary coil while the secondary 
circuit is formed by a ring of the metal under treatment, con- 
tained in an annular cavity which forms the crucible or container 
for the metal. When a.c. is applied to the primary coil, currents 
are induced in the closed secondary. Induction furnaces are 
divided into two classes, the coreless and the core type, the former 
being the general and the latter the specific case. The core 
type has a magnetic circuit of laminated sheet iron as in the 
transformer. 

The c.d. in the secondary bears a fixed ratio to the number of 
turns in the primary coil. It is possible by variation of the 
impressed voltage to create heavy c.d. per unit of cross section in 
the secondary. Heating effects, in accordance with Joule’s law, 
are then produced throughout the mass of the metallic bath. 
This method may also be considered an indirect resistance heating 
method in that the applied currents are induced but converted 
into heat by the resistance of the material under treatment. 
The metal under treatment may consist, instead of an annular 
ring, of charges in crucibles. 



CHAPTER XXI 

ELECTRIC FURNACES FOR METAL MELTING 

The early development of “electric” steel and the application 
of electric furnaces to steel metallurgy was stimulated chiefly by 
the desire to produce a product to compete with the expensive 
“crucible” steel. Because of the high fuel and labor cost of 
the crucible process, the small units and their short life, the 
electric furnace has achieved a large measure of success in this 
field, causing the abandonment of the crucible method. In the 
recent development of ferrous alloys, particularly of the stainless, 
nickel-chromium, vanadium, and tungsten types, of high-speed 
steels, and cutting tools, the electric furnace has found further 
application. It has definitely earned a place for itself in foundry 
work and steel-casting practice, as well as for some types of rail 
steels. The only part the electric current plays in the manufac- 
ture of steel is in the production of heat. For the development of 
this heat only two successful classes of furnace, the arc type and 
the induction type, are available. The advantages of electric- 
Ifurnace application to steel metallurgy are the quick availability 
'of the heat produced, the unusually high temperatures, the ease 
of regulation, the steady maintenance of any desired temperature, 
the cleanliness of the furnace and the 'method of heating, the 
nonproduction of harmful gases, the ease of control of the furnace 
atmosphere for the production of oxidizing, reducing, or neutral 
conditions at the will of the operator. These electric-furnace 
characteristics permit the metallurgist to produce products of 
the highest quality from raw materials of any grade. 

Furnace Arrangements and Types. — Many different arc 
arrangements have been proposed by various inventors, as well 
as utilization of single-, two-, and three-phase circuits. Furnaces 
differ in the manner in which the current is introduced into the 
furnace and let out of it. This can be done entirely by electrodes 
entering through the roof or top, in which case there are as many 
arcs as electrodes and never less than two of each. In the 

461 



462 


ELEC TROTH MUM ICS 


Direct Series Arc Furnaces 



Fiat 3 Phase Stobie 2 Phase ^om Baur 2 Phase 


Direct Arc Free Hearth Electrode Furnacels 



Girod Single Phase Kelter3 Phase 


Direct Arc Buried Hearth ElectrodeFurnaces 



fireaves-Etchells 3 Phase Electrometals 2 Phase 

Indirect Arc Furnaces 




Fig. 157.- — -Types of arc furnaces. 
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Heroult, 'Lectromelt, and Yom Baur designs as examples, the 
arcs are in series. In another type the bottom of the furnace 
may be built of such materials as to allow it to be used as an 
electrode, giving a direct-arc free-hearth-electrode furnace, an 
example of which is the Girod. In a modification of this design, 
the metallic (or conductor material) hearth electrode may be 
separated from the fluid charge by the refractory which forms 
the hearth lining. Although at room temperatures these 
refractories are insulators, at the operating temperatures of the 
steel-refining furnace they conduct. Considerable currents can 
then pass through the hearth. Such a construction results in 
the direct-arc buried-hearth-electrode type of furnace, as the 
Greaves-Etchells and Electrometals. In addition, other designs 
may combine electrode arrangements of two or more types, giving 
mixed types such as the Booth and the Nathusius. Instead 
of introducing electrodes through the roof of the furnace, they 
may be introduced through the side or through the sides and 
top, giving arcs between the electrodes, the heat being reflected 
down from the furnace roof to the bath or material under treat- 
ment. These are the indirect-arc type of furnace represented 
by the Stassano, the Rennerfelt, and the Detroit rocking furnace. 
The different classes of furnaces are illustrated diagrammatically 
in Fig. 157. The technically important designs will be discussed 
individually. 


DIRECT SERIES ARC FURNACES 

Three-phase Designs. — The Heroult furnace has a bowl- 
shaped hearth similar to an open-hearth furnace with no electrical 
connections through the bottom. Electrodes pass through the 
roof and are suspended vertically so as to have the arcs in series. 
The current passes from one electrode to the bath and out 
through the other electrodes. Three electrodes are used for a 
three-phase furnace. The electrodes are carried on structures 
above the roof and are spaced in relation to each other so that 
arcs do not occur between them. The hearth slopes to a pouring 
lip. The entire furnace is enclosed in a shell of sheet steel, which 
in turn is insulated from the furnace hearth and the refractory 
lining. Heating occurs through arcs between the electrode and 
the slag, the slag and the metal underneath, the current carried 
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thus in series to the next electrode but passing through a layer 
of slag and forming a second arc as it passes between the slag 
and the electrode. Practically all the heat is formed by the 
arcs above the slag which acts as a shield to protect the metal 
from the carbon vapors thrown off at the bottom of the electrode 
and from the high temperatures at this point. Portions of 
this heat are transmitted to the metal through the slag and are 
distributed to all parts of the bath by conduction and convection. 
There is a slight motor effect produced by the current on the 
metallic bath. Single- and three-phase types are in use. 

Heroult furnaces are designed in sizes from to 100-ton 
capacities for open-top, chute, or machine charging. In the 
larger sizes six electrodes may be employed. Counterweight 
mechanisms for tilting were formerly used but have been replaced 
by rockers by which the center of gravity of the unit travels in 
a horizontal line when the furnace is tilting. These furnaces 
can be made either front or side tilt and, in addition to rocking 
forward, can be rocked backward. With the side-tilted furnace, 
charging can be done by a chute. Water-cooled copper tubing 
is used as busbars, eliminating trouble where electrode holders 
are connected, cutting down the skin effect., and thus increasing 
the efficiency of the conductors. The hearth on the Heroult is 
bowl-shaped, similar to an open-hearth furnace, with no electrical 
connections through the bottom, water cooled or otherwise. 
The circular shape gives maximum mechanical strength and 
minimum surface for heat radiation. Electrodes pass through 
the roof and are suspended vertically from a mast having as many 
arms as there are electrodes. The current passes from one 
electrode to the bath and out through the other electrodes. 
Three electrodes arranged at the points of a triangle are used 
for a three-phase circuit. The transformers have a number of 
taps on the secondary side so that a range of voltage is 
available. 

Heroult electric furnaces are employed in making tool steel, 
special high-alloy steels, and high-speed steel; in the melting of 
high-priced nonferrous alloys and of ferromanganese for addition 
to open-hearth steel; and in the making of steel and iron castings. 
The charge consists' of either cold scrap or partly refined steel 
taken from Bessemer converters or open-hearth furnaces, or of 
molten iron from cupolas. 
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Camp and Francis have given the details of Heroult furnace 
construction at the Duquesne plant of the U.S. Steel Corporation. 1 

It is estimated that 80 to 90 per cent of the electric steel 
produced in the United States is made in Heroult furnaces. It 
is now considered good practice to obtain a power consumption 
of approximately 500 kw.-hr. per net ton in the making of acid 
steel castings in a 3-ton Heroult with an electrode consumption 
of 10 to 12 lb. of carbon per net ton. In the making of alloy 


Fig. 158. — A six-electroSe 100-ton Heroult furnace. ( Courtesy American Bridge 

Company.) 

steels by the basic process in a 25-ton Heroult, the power con- 
sumption is approximately 525 kw.-hr. per gross ton good ingots. 
This has been bettered somewhat in the six-electrode 100-ton 
Heroult illustrated in Fig. 158. The 25-ton furnace shows an 
electrode consumption of lOJ^ lb. per gross ton of ingots. The 
electrodes are of graphite to carry the high currents employed in 
the furnace. 

Modern developments in the manufacture of chromium steels, 
the nickel-chromium steels of the stainless and corrosion-resistant 
type, have increased the demand for electric furnaces. It is 
1 “The Making, Shaping, and Treating of Steel,” p. 386, Carnegie Steel 
Co., Pittsburgh, 1925. 
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expected that the expansion of this industry will result in the 
development of still larger units* 

The Moore ’Lectromelt furnace is similar in type to the Heroult, 
being of the direct-arc series type employing three electrodes 
operating on a three-phase circuit. While the Heroult has been 
used largely in steel refining, the 'Lectromelt has found its place 
in steel and iron foundry work. It is estimated that over 80 
per cent of the electric-furnace foundry capacity is in 'Lectro- 
melts. The furnaces are of the quick-melting type, generally 



Fig. 159.— a 3-ton 'Lectromelt furnace. ( Courtesy Pittsburgh Electric Furnace 

Corporation.) 


using acid linings. Operating data show energy consumptions 
of 460 kw.-hr. per ton of cold scrap charges, where no refining is 
done, to as high as 700 kw.-hr. per ton, where some purification 
and refining of the material before casting is the custom. In 
foundry practice the electric furnace shows a 75 per cent thermae 
efficiency as compared to a 35 per cent value for a well-operated 
foundry cupola. The reducing atmosphere of the electric; 
furnace makes possible the utilization of light scrap, turnings, 
borings, and similar low-cost materials not ordinarily suitable for 
open-hearth and cupola melting. A 3-ton 'Lectromelt is shown 
m Fig. 159. 
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A large number of furnaces have been brought forward employ- 
ing the direct series arc principle. The furnaces differ in their 
electrical setup, manner of connection, hearth shapes, forms 
of shells, or electrode arrangements, as well as in other minor 
mechanical features. A few of these will be briefly discussed. 

The Swindell furnace is a three-electrode three-phase direct 
series arc furnace with a balanced load on each phase. No 
bottom furnace connections are used. The electrodes do not 
tilt with the furnace when tapping, but are raised in a vertical 
position until they clear the furnace, after which the ports are 
covered and the furnace tilted. In this design the electrode 
masts are entirely separate from the furnace shell. Such an 
arrangement simplifies the construction and operation of the 
electrode equipment. 

A multiple system of electrode melting furnaces has been 
developed for the continuous pouring of castings. Two 
furnaces are mounted on a revolving platform by which means 
the same transformer and set of electrodes are used for each 
furnace alternately. Each furnace is complete in itself. No 
time is lost between melting periods, for as soon as the metal 
is ready to tap from the active furnace, the electrodes are raised, 
the table revolved, the other furnace placed in position under the 
electrodes, and the melting started coincident with the tapping 
of the first furnace. The electric melting can be made con- 
tinuous, as the total time elapsing between “power off” on one 
furnace to “power on” on the second is less than 3 min. 

The American Greene and the Canadian Volta may be classified 
as three-electrode three-phase direct series arc designs similar 
to the Heroult save for special mechanical and electrical features. 
They have found limited application. The Greene furnace shell 
is of reinforced steel construction mounted to roll over on the 
horizontal axis of the rolling cylinder shell in order to pour the 
metal. 

The Fiat furnace is an Italian modification of the three-phase 
three-electrode direct series arc type. The hearth is hemis- 
pherical, mounted on two circular shoes of cast steel which allow 
rotation in any direction. Electrodes are graphite, arranged at 
the points of a triangle. The hearth is slightly conductive. 
In practice it is connected with the center point of the star 
transformer connection on the secondary side and grounded. 
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When phase loads are balanced, very little current flows to 
ground. Furnace voltages are 130 at the beginning of the heat 
to 75 at the end in the 5-ton unit. The application of the fur- 
nace has been limited to Italy and continental Europe, with no 
installations in the United States. 

Furnaces with Electrodes in Line. — The Vom Baur furnace 
had an elliptical hearth with three vertical electrodes in a 
straight line and was preferably operated with two-phase but 
could be employed with three-phase current. 

The Ludlum furnace had a shell which was an elongated 
cylinder with conical ends for the pouring spout and charge doors, 
respectively. Three electrodes in a line along the axis of the 
cylinder entered through the segmental cylinder roof. 

The Stobie furnace has found application in Great Britain but 
not in the United States. Data are tabulated in Table LVII. 

FREE-HEARTH-ELECTRODE FURNACES 

In contradistinction' to the direct series arc type of furnace, 
other units have been developed in which the bottom of the 
furnace functions as an electrode. A number of arrangements 
have been employed, including the use of conducting materials 
as hearths; the insertion of conductors in the hearth, the con- 
ductors usually being of iron, so that they have free and exposed 
parts; and in other cases conductors buried in the hearth and 
covered by refractories which, at the operating temperature of the 
furnace, become sufficiently conductive to allow the passage of 
the current through them. Arcs are between the vertical elec- 
trodes and the hearth electrode, the current passing through 
the charge. 

The Girod furnace was equipped with a plurality of electrodes, 
generally three, arranged vertically and automatically adjusted. 
Shells were cylindrical, having live bottoms consisting of a 
number of steel studs connected through the fiat furnace bottom 
and refractories. The electrode system was arranged to be 
operated as three single-phase circuits with current flowing from 
each electrode through the slag, through metal, and down through 
the studs at the bottom. In practice they were often operated 
with three electrodes with a three-phase connection. Moore 2 
states that the furnaces were not designed for rapid operation, 

2 Trans. Electrochem. JSoc., 60 , 173 ( 1931 ). 
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were slow, and were wasteful of power, electrodes, and refrac- 
tories, so they are no longer used in the United States. * 

The Keller furnace used in Europe had a composite hearth of 
iron grids with magnesite and tar rammed between bars. 

The Snyder furnace was based on the work of Siemens in 
England in 1878 on a single-phase, single vertically adjustable 
electrode furnace with a bottom water-cooled electrode. Graph- 
ite electrodes of small size with arc voltages of 110 to 220 resulted 
in small currents and rather long arcs. The shells were relatively 
high to overcome the destructive effect of a long arc, the doors 
kept at a low level and as nearly gastight as possible for protec- 
tion of the roof. To save time during operation, the furnace 
carried a simple mechanism pivoted for pulling back the roof, so 
that, by means of the same mechanism that tilted the furnace 
forward for tapping, the roof might be tilted backward to permit 
rapid charging. 

BURIED -HEARTH-ELECTRODE FURNACES 

During the World War the Greaves-Etchells furnace, built with 
a rectangular rocking shell, was introduced. This furnace was 
fitted with one or more unbalanced three-phase circuits consisting 
of two upright vertically adjusted electrodes and a bottom con- 
tact extending from the shell into the bath. The voltage on the 
bottom electrode was of a lower order so as to balance the current 
between the bottom and the two top carbon electrodes. This 
system of electrodes was multiplied on the larger furnaces, 
consisting of two, four, or six top electrodes, each with a corre- 
sponding bottom contact, each set of electrodes having its own 
transformer group so that on the larger furnaces the unbalance 
which was unfavorable in the small furnaces could be more or 
less compensated. 

These furnaces were invariably built in rectangular shells, 
and their roofs were made of standard-shape refractory rectangu- 
lar blocks, so that very heavy construction was essential to 
minimize warping and expansion. Moore states that they were 
comparatively slow in operation, high in power and electrode 
consumption, and unbalanced in load. 

The Electrometals , also known as the Gronwall-Dixon furnace, 
had a cylindrical flat bottom shell similar to the Heroult design 
and mounted on rockers. Four vertically adjustable electrodes 
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entered through the roof, were connected to a four-phase star 
electrie circuit with a neutral grounded in the furnace bottom. 
The transformer system was a Scott two-phase three-phase 
connection. 

INDIRECT-ARC FURNACES 

The discussion up to this point has been confined to the direct- 
arc types of electric furnaces applied to iron and steel. In the 
indirect-arc type, the arcs are between electrodes and not between 



electrodes and slag, or electrodes and charge, or electrodes and 
hearth through the charge. The Stassano furnace had' throe 
downwardly inclined electrodes entering from the sides of the 
cylindrical shell and made a so-called “free-burning ” or “blow- 
ing"’ arc, intended to blow down (by magnetic reactions) onto 
the bath and hearth. Moore 3 states that the radiation in an 
upward direction was so intense from these inclined electrodes 
that it was difficult to keep refractories in the roof or upper part s 
of the furnace shell unless the furnace was operated at a slow rate. 

3 Trans. Electrochem. Eac., 60, 173 (1931). 
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The Bassanese furnace is a modification of the Stassano, 
having its electrodes mounted on mechanisms which make 
possible the use of direct as well as indirect action of the arc on 
the bath. The electrodes are inclined to a variable angle so 
that the arc may be made free burning or directly projected on 
the metal. One-ton furnaces are single phase; 3-ton units are 
two phase connected by Scott transformers to three-phase supply. 
Furnace voltages are 160 to 170, being higher than in the Stassano 
type. The units tilt for pouring. 

In the Angelini modification of the Stassano, the electrodes 
are arranged so that arcs may be formed between movable 
electrodes above the metal surface, as well as between each 
electrode and the metal. This arrangement permits the use of 
single-phase currents at higher voltages than those employed in 
other designs. Electrode regulation is by hand. 

The Rennerfelt poly-phase electric furnace has a box-like 
rectangular shell with three electrodes of the indirect-arc free- 
burning type. One electrode extends in through the top, and 
two others are mounted horizontally through the sides of the 
furnace. Power is from a two-phase three-phase Scott con- 
nected transformer with the common return being the vertical 
electrode through the roof. Figure 160 illustrates a Rennerfelt 
furnace, and operating data are given in Table LVII. 

MIXED TYPES OF FURNACES 

The Tagliaferri furnace combines the indirect with the direct 
series arc for two- or three-phase circuits. The three-phase 
unit has three roof and three auxiliary side electrodes. In 
refining, it is a direct series arc unit. In melting, arcs are sprung 
between roof and side electrodes. 

In the Booth furnace there are one, two, or three roof elec- 
trodes for one-, two-, or three-phase circuits, as well as hearth 
electrodes. There is an individual hearth electrode for each 
roof electrode, but it is located on the opposite side of the furnace 
instead of being directly underneath the bottom of the roof 
electrode. An auxiliary roof electrode is provided, connected 
with the return to the transformer in parallel with the hearth 
electrode. In furnaces of 100- to 3,000-lb. capacity, transformers 
are of the Scott connected type, three phase to two phase. 
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The Nathusius furnace combines the principles of the direct 
series arc, the buried-hearth type, and the resistance idea. The 
furnace charge is heated from above by arcs and from below by 
currents through the hearth electrodes. The latter type of heat- 
ing can be independently regulated through star transformer con- 
nections to the hearth electrodes, independent of those through 
the roof. The hearth as well as the whole of the charge may be 
included in the circuit as an ohmic instead of an inductive resist- 
ance. Three-phase currents are used, the transformer second- 
aries being star-connected to the roof electrodes, and their 
separate returns to the corresponding ones in the hearth. The 
metal bath in the furnace thus becomes the neutral point of the 
transformer. 

INDUCTION FURNACES FOR IRON AND STEEL 

Tor the sake of completeness two induction furnaces which 
find employment in iron and steel melting in Europe will be 
included at this point. In the United States, however, the use 
of the induction furnace for ferrous metallurgy has been limited ; 
but in the form of the Ajax-Wyatt and A j ax-N or t h r u p induction 
furnaces, it has been extensively employed in nonferrous metal 
melting. In recent years the Ajax-Northrup high-frequency 
furnace has found greater application in steel and ferrous alloy 
manufacture, particularly on a small scale and for special 
materials. These furnaces will be discussed more specifically 
in connection with nonferrous melting. 

An induction furnace may be described as a step-down trans- 
former in which the metal under treatment is the short-circuited 
secondary coil or coils. The induction furnace is subject to the 
magnetic and electrical losses due to hysteresis in the iron core 
in the same manner as transformers. The design of the furnaces 
is such that magnetic losses are usually greater than those in 
transformers, with resulting lower power factor. It is impossible 
to bring the primary and secondary in a furnace so close together 
that all lines of magnetic flux are cut by both of them. This 
is due to insulation and the necessity of cooling the; core; and the; 
primary. In addition, there is considerable self-induction in the; 
primary because of magnetic leakage of lines which air cut only 
by the primary and not by the secondary. The; steel is in a 
ring-shaped channel, through the center of which the; primary coil 
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and the core pass, and is the one turn secondary of the circuit. 
The steel is thus a short-cireuited secondary of low resistance in 
which high-amperage currents are induced and the steel heated 
by the I 2 R effect. 

A large number of arrangements of primary and secondary 
have been proposed. Some have been used for a short time 
while others were never put into 
technical application. 

The Kjellin furnace is shown 
diagrammatically in Fig. 161. 

The laminated soft-iron core 
forms a closed circuit. The pri- 
mary section is built of either air- 
cooled copper wire or water-cooled 
copper tubing. A ring-shaped refractory-lined channel is the 
secondary. The entire furnace is enclosed in a steel shell. 
Molten material must always be left in the furnace for successive 
operations. Commercial units up to S}4 tons, operating on 
frequencies of the order of 5 cycles, have been built. 
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Fig. 161. — Kjellin furnace. 



Fig. 162. — Vertical section of the Rochling-Rodenhauser furnace. 


Operating data for a 2-ton furnace show a consumption of 
about 170 kw. at 3,000 volts in the primary and 30,000 amp. in 
the secondary. Power consumptions are of the order of 750 to 
850 kw.-hr. per ton of steel with cold charges of pig iron or pig 
iron and scrap. 
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* The Rochling-Rodenhauser furnace design eliminates some of 
the disadvantages of the Kjellin furnace— i.e., small capacity 
and low power factor — by the application of a combination 
induction and resistance principle. A diagrammatic representa- 
tion of the furnace is shown in Fig. 162. The unit consists of an 
iron core with two primary windings and a secondary in the form 
of a lemniscate broadened in the middle to form a hearth. 
Auxiliary secondary windings heat the central hearth. An air 
gap separates the primaries and secondaries. Hearth electrodes 
at opposite sides of the central hearth are connected to the 
auxiliary secondary sections. 

Single-phase furnaces rated at tons take 700 to 750 kw. at 
4,000 to 5,000 volts. Three-ton furnaces show power factors of 
0.7 to 0.8 at a frequency of 25 cycles. With molten charges, 
about 120 to 160 kw.-hr. per ton is consumed for refining of 
Bessemer steel, while for reduction of the sulphur and phosphorus 
to 0.01 per cent, 200 to 300 kw.-hr. is required. On cold scrap 
the power consumption is of the order of 900 kw.-hr, per ton. 

COMPARISON OF FURNACE TYPES 

The direct series arc, the indirect arc, the free- and buried- 
hearth electrode, the mixed types, and the low-frequency induc- 
tion electric furnaces designed for iron and steel melting and 
refining are compared in Table LVI. The advantages and dis- 
advantages of each type are emphasized. 

Modern electric furnaces are ordinarily supplied with trans- 
formers so designed that better operating conditions may be 
obtained from the viewpoint of the user and the power company. 
Transformers for arc furnaces differ mainly from power trans- 
formers by having a considerable number of taps to obtain a range 
of secondary voltage. This permits the use of higher voltages 
during the melting of the steel charge than those needed for the 
refining period. These transformers are of sufficient capacity 
to permit rapid melting and are able to withstand heavy loads 
without overheating. They are provided with large reactances 
to choke back current surges. 

Successful furnace operations depend more or less upon speed 
of production, which in turn is affected by speed of charging, 
handling, refining operations, and making repairs and adjust- 
ments during pouring as well as during melting. Greater speed 
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results in larger production, more efficient operation, lower 
refractory and electrode costs, lower power consumption, and 
reduced metal losses. 

Rapidity of operation is a function of transformer capacity, 
but not entirely so. The range of available secondary voltages 
has a marked effect. Speed of electrode control and transfer is 
important, in that the quicker the arc is again formed after being 
broken, the less will be the loss of time and energy. 

Hearth design to give uniform heat application, so that hand 
raking of the charge is avoided, increases melting speed. The 
same holds true for mechanical devices such as closely fitting 
doors, closed roofs, and other constructional features which 
reduce heat losses. In this connection too much importance 
cannot be placed upon mechanical devices for speedy charging. 
The more rapidly a furnace is charged, the less will be the cooling 
effect of cold air entering the furnace, causing refractories to 
spall and deteriorate. Cold air coming in contact with the white- 
hot electrodes oxidizes them rapidly. Mechanical features for 
rapid pouring and emptying of the furnace affect power consump- 
tion and speed of operation. 

With the exception of small-size units, modem electric furnaces 
have electrical devices which regulate the power supply, auto- 
matic controls on the electrodes, as well as load equalizing 
devices for the different electrodes. 

Operating data of various types and makes of electric arc 
furnaces have been gathered together in Table LVII. These 
figures have not been brought together for strict comparison 
purposes, in that, for example, the power-consumption figures 
are not easily comparable owing to differences in size of the 
furnaces, type of charge, quality of the resulting product, the 
power supply, as well as special operating conditions pertaining 
to certain types and not to others. In the United States the 
three-electrode three-phase series-arc furnace is used more 
largely than any other. 

ELECTRIC FURNACES FOR NONFERROUS MELTING 

Electric furnaces for nonferrous melting developed along throe 
general lines conforming to three basic electrical principles. 
The three types now in use may be roughly divided into arc, 
resistance, and induction furnaces. The third class is generally 
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subdivided into furnaces of low-frequency type and those in 
which high-frequency currents are employed. Commercial use 
of electric brass and bronze furnaces dates from about 1916. 
Development work prior to that time was along experimental 
lines and served to demonstrate the possibilities of electric 
melting. Dozens of different types of furnaces were designed 
and built, both before and after electric melting became estab- 
lished. Only a few of them proved worthy of further develop- 
ment. Those now recognized as possessing commercial value 
have dwindled to but a few types, namely, the indirect-arc rocking 
furnace, such as the Detroit; the vertical-ring low-frequency 
induction furnace, such as the Ajax-Wyatt; and the high- 
frequency induction furnace, such as the Ajax-Northrup. An 
indirect-arc rotating furnace, an example of which is the Booth, 
and a granular carbon resistance unit of which the Baily was 
typical were manufactured in relatively large numbers for a 
time. Their production was gradually discontinued in favor of 
more rapid, efficient melting units of better design. In addition, 
some of the furnaces discussed under iron and steel, particularly 
the indirect-arc Rennerfelt, have found considerable application 
in Europe in connection with nonferrous melting. 

In comparison with other methods of melting, electric furnaces 
can be designed to allow control of furnace atmosphere, as 
well as to offer the possibility of obtaining exact temperature 
control under uniform temperature conditions. As a result, 
oxidation and volatilization losses are reduced, more rapid heat- 
ing and working are possible, with resultant better melting con- 
ditions and in many cases lower costs. 

The temperatures required in nonferrous melting are as a 
rule lower than in steel practice. When zinc is an alloy con- 
stituent, direct-arc furnaces are seldom employed. In general a 
successful steel-melting furnace is not applicable to nonferrous 
melting. In many cases the reverse is true, that furnaces 
originally designed for nonferrous melting are finding successful 
application in melting cast iron, as in the case of the Detroit, 
and in steel, particularly of the tool and special alloy type as in 
the case of the Ajax-Northrup. The different important fur- 
naces will be discussed individually. 

Arc Furnaces. — In the Detroit electric furnace, also known as 
the rocking furnace, heat is produced by an arc drawn between 
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two electrodes extending through opposite ends of a horizontal, 
cylindrical, refractory-lined steel chamber which is supported 
on rollers and automatically rocked backward and forward by 
an auxiliary motor mounted on the furnace base. The furnace 
is tapped through a spout and charged through a door which is 
removable, the spout and door being combined in one opening 
in the side of the shell. Power is supplied from a transformer 
connected through flexible leads to electrode clamps supported 



Fig. 163. — A 300- to 350-lb. Detroit electric furnace. ( Courtesy Detroit Electric 

Furnace Company.) 


from either end of the steel shell. The electrodes are of graphite, 
varying in size with the load on the furnace. Power input to the 
furnace may be varied by hand regulation of the arc between the 
electrodes. During charging, the electrodes are withdrawn until 
their ends are flush with the refractory wall. In operation, 
rocking of the furnace is started when melting of the charge has 
begun. Furnaces are built in sizes from 250- to 3,500-lb. charg- 
ing capacities, with connected loads of 75 to 400 kva., single-phase 
60-cycle current being employed. The smaller units are capable 
of turning out heats in 15 to 25 min., the larger ones from 45 to 60 
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min. Because of their steadier operation the smaller furnaces 
have slightly higher melting efficiencies than the larger ones. 
Power factors of 75 to 85 per cent are usually maintained. The 
power consumption differs somewhat with different alloys. In 
a typical case of an 85 per cent Cu, 5 per cent Sn, 5 per cent Pb, 
and 5 per cent Zn, good operating data show 285 kw.-hr. per 
ton, an electrode consumption of 3.25 lb. per ton, lining life of 
1,000 heats, and a metal loss of 0.5 per cent. Figure 163 shows 
the construction of a typical small furnace. Typical operating 
data are given in Table LYIII. 

The rotating or Booth furnace resembled the rocking type in 
general appearance with the exception that the horizontal 

cylindrical shell revolved con- 
tinuously in one direction in- 
stead of being rocked. As a 
result, collector rings were 
needed to bring power to the 
electrodes entering through 
the ends of the cylindrical 
shell. The metal charge 
could not be stirred until it 
was entirely melted, otherwise 
pieces of metal would drop 
against the electrodes and 
break them. A tap hole was 
provided at one end of the 
shell and a door surrounding 
the electrodes at the opposite 
end was used for charging. To avoid leakage of metal, the 
tap hole had to be kept tightly closed during the rotating 
period. Furnaces were single phase similar in capacity to 
the Tetroits but showing somewhat higher energy and elec- 
trode consumptions and metal losses. The inconveniences 
encountered in charging and discharging retarded its commercial 
application. 

induction Furnaces, Low Frequency. — The Ajax-Wyatt 
enclosed vertical-ring type has become practically standard 
for induction brass furnaces. It operates on the transformer 
principle in which a molten ring or loop of metal contained in a 
refractory channel acts as the secondary of the transformer, 
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while the primary is an adjacent coil connected to a power line. 
The furnace is shown diagrammatically in Fig. 164. The 
primary coil extends through the base of the lower portion of 
the furnace chamber and surrounds a furnace core. The 
primary coil and core are surrounded by a refractory block 
through which runs a Y-shaped ring or channel. At the top the 
so-called “ring” opens into the furnace chamber. The molten 
metal in the main chamber therefore exerts a static pressure on 



Fia. 165. — Two SO-kw. 1,000-lb. Ajax-Wyatt furnaces. ( Courtesy The Ajax 

Metal Company.') 


the metal in the channel, overcoming the “pinch” effect which 
in the horizontal channel furnace tends to interrupt the current 
flow. The pinch effect is the tendency of a conductor to contract 
due to magnetic influence when a current is passed through it. 
Its force is proportional to the square of the current and is more 
evident in low-resistance conductors. When currents are passed 
through molten metal, the pinch effect may be sufficiently strong 
to separate the molten conductor and break the circuit. The 
only ways of overcoming the pinch effect involve either the 
reduction of the current or application of a counteracting pressure 
on the molten metal. 




484 


ELECTROTHERMICS 




ELECTRIC FURNACES FOR METAL MELTING 


485 


Stirring action is caused in the Ajax- Wyatt furnace by the 
motor effect, a magnetic pumping or repulsion action which tends 
to circulate the metal. The Y-shaped channel increases this 
action. 

The Ajax- Wyatt furnace has found application in rolling-mill 
practice where copper-zinc alloys are made. It is estimated 
that considerably more than 90 per cent of brass in rolling mills 
is electrically melted, and about three-quarters of this is done in 
Ajax-Wyatt furnaces, the rest in Detroits. In addition, the 
furnace has been applied to rolling-mill practice for other alloys 
such as those of the nickel-copper type, and the melting of pure 
metals such as zinc. In foundry practice the Detroit furnace is 
estimated to account for over 80 per cent of all the nonferrous 
alloys electrically melted, because it can start with cold charges. 
The Ajax-Wyatt cannot be completely tapped, and it is necessary 
to charge the furnace with molten metal when it is first started. 
When production is interrupted, the furnace must be completely 
discharged or else sufficient energy must be fed to it so as to keep 
the metal in the channel molten. The standard size Ajax-Wyatt 
is 60 kw., 440 or 220 volts single phase, designed to hold 1,000 
to 1,150 lb. of molten metal of which 600 to 750 are tapped at 
each heat. The balance is left in the furnace to fill the channel 
and close the circuit across the loop. Transformer capacity is 
60 to 125 kw., with variable secondary voltages. Operating 
data on the furnace under various conditions are given in Table 
LVIII. 

Both the rocking and induction furnaces are efficient in energy 
consumption, show metal losses of less than 1 per cent during 
melting, and produce the necessary stirring action for homogene- 
ous products. They have found different fields of application 
in that the induction furnace has been applied in rolling mills 
for melting brass of relatively low copper and lead content where 
production of the same type of metal of uniform analysis is 
continuously demanded. The rocking furnace is used for 
melting nonferrous alloys, including bronzes, high copper and 
lead brasses, nickel alloys, and cast iron, under either intermittent 
or continuous production demands. 

Resistance Furnaces. — During the early development of elec- 
tric brass melting, resistor furnaces of the granular carbon resistor 
type, an example of which is the Baily furnace, found considerable 
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application. It consisted of a vertical steel shell mounted on 
trunnions enclosing a shallow circular hearth, which in turn was 
surrounded with an annular refractory channel filled with 
granular carbon. The passage of the current through the 
resistor material generated heat which was radiated to the walls 
and roof of the chamber and reflected to the charge. The resistor 
consisted of broken carbon or graphite of J4 in. mesh, and the 
refractory channel was of SiC or Carborundum firesand. A 
105-kw. furnace had a capacity of 1,500 lb. of brass and oper- 
ated on single-phase currents at 100 volts and 1,100 amp., at 
a power factor of about 98. Melting losses were 0.8 to 1 per 
cent. For charge loads such as those of 500 to 1,000 kw., rectan- 
gular stationary furnaces were built. The limitations of the 
Baily furnace were its low thermal efficiency, its lack of means 
for stirring the charge, its relative slowness of heating, as well as 
mechanical difficulties encountered in maintaining the. refrac- 
tory channel. In brass melting it is now obsolete, but the fur- 
nace design has been applied to units for heat treatment of 
metals. Even in this case it has encountered severe opposition 
from resistor furnaces of other types. 

Small-size experimental furnaces capable of producing very 
high temperatures have been built on the resistor principle. A 
graphite electrode of small cross section is fixed in the upper part 
of a furnace cylinder or chamber and very high amperage cur- 
rents pass through it, the graphite being heated almost to the 
volatilization point of carbon. The heat is inflected from the 
furnace walls onto the charge, and in certain designs is focused 
onto a small hearth. 

Induction Furnaces, High Frequency. — Electric power may be 
converted into heat by induction through -the utilization of 
strong magnetic fields at low frequencies (60 cycle or less), or 
comparatively weak magnetic fields at relatively high fre- 
quencies (360 to 2,000 cycles per second or higher). The strong 
magnetic field low frequency requires interlinkage of an iron core 
with the coil and with a loop or ring of the material to be heated 
in an arrangement corresponding to the core, primary, and 
secondary of a transformer. The use of high-frequency current 
makes it possible to dispense entirely with the iron core and 
eliminates the necessity of looping the conductor which is to be 
heated. The same amount of heat may bo created with a field 
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of unit strength and a frequency of 6,000 cycles per second as 
with a field 100 times as strong and a frequency of but 60 cycles 
per second. 

The best known high-frequency furnace is the coreless induc- 
tion furnace invented by E. F. Northrup in 1916. The prin- 
ciple of the furnace is shown in Fig. 166. It is that of an air 
transformer whose primary is the furnace coil and whose second- 
ary is the melt, or, if the melt 
be nonconducting, a conducting 
crucible containing the melt. 

The primary is a helical coil of 
copper tubing through which 
water is passed for cooling pur- 
poses. This conductor is insu- 
lated both thermally and 
electrically from the crucible. 

When high-frequency currents 
are applied to the terminals of 
the copper helix, all the space 
inside the coil is subjected to a rapidly alternating electro- 
magnetic field which induces currents in the furnace charge 
or conducting crucible. These induced currents cause rapid and 
efficient heating. 

The thickness of the thermal insulation between the charge 
and the primary coil has a large bearing on thermal efficiency. 
The thicker it is, the less will be the proportion of electromag- 
netic energy to enter the heating chamber, while the thinner 
the insulation the greater will be the thermal energy radiated out 
from the crucible. Although insulation does not obstruct the 
electromagnetic field, the greater the space it occupies the smaller 
becomes the portion of the field which cuts the charge. Ordi- 
narily relatively little thermal insulation is needed, because high- 
frequency heating is extremely rapid and relatively little heat 
escapes by radiation. 

In its early development, high-frequency furnace^ were built 
in small sizes, and power was supplied to them by high-frequency 
oscillators consisting of a special type of step-up ^tosformer 
with a suitable inherent reactance, a mercury di^narge gap 
chamber and two separate banks of electrostatic condensers. 
The transformer primary was connected to a single-phase power 



Fig. 166. — Construction of Ajax- 
Northrup coreless induction furnace. 
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supply, and the secondary was in series with the two banks of 
condensers through the furnace induction coil and in parallel 
with the discharge gap. About 1925, commercially large 
and efficient high-frequency generators as well as satisfactory 



furnace 

Fig. 167. — Wiring diagram of large Ajax-Northrup. furnace. 


condensers became available for large units. A typical wiring 
diagram for furnaces about 60 kw. is shown in Fig. 167. At the 
present time units of 100 to 2,000 lb. with generators of 60 to 
600 kw. are in use. The melting times are from 35 min. in the 



Fig. 168. — High-frequency induction furnaces used in alloy melting. ( Courtesy 

Ajax El ectr other mic Corporation.) 


smaller size to 1 hr. in the larger ones, at rates of 180 to 2,000 lb. 
per hr. and power consumptions of 1 ,000 kw.-hr. per ton in the 
100-lb. furnace to 550 kw.-hr. per ton in the 2,000-lb. furnace. 
The field of application has been wide, covering nonferrous alloys, 
sterling silver, special steels, corrosion-resistant alloys, magnetic 
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materials, and a large variety of experimentally produced metals. 
Typical furnaces are shown in Fig. 168. 

The only practical limits to the temperatures obtainable in the 
high-frequency furnaces are those imposed by the inability of the 
materials of construction to withstand the temperatures created. 
During melting, the electromagnetic forces tend to produce a 
stirring action on the charge, which is often quite violent in the 
case of conducting charges. The heating efficiency of high-fre- 
quency apparatus increases with increase in capacity of the 
units employed. There seems to be no practical limitation to the 
size in which they may be built. Hates of heating may be as 
fast or slow as desired to satisfy the needs of any industrial 
operation. 



CHAPTER XXII 

METALLIC ELECTROTHERMAL PRODUCTS 

Ferroalloys. — The demand for ferroalloys is governed to a large 
extent by the requirements of the iron and steel industry. Speci- 
fications for ordinary tool and alloy steels as well as castings have 
become more and more rigid, and the steelmakers must depend on 
ferroalloys to meet these requirements. A ferroalloy is an alloy 
of iron and some other metal or metals. It is used by the steel- 
makers for the introduction into steel of a definite percentage of 
the alloy metal to give the steel certain physical properties, 
depending upon the alloy used; or as a cleansing or deoxidizing 
agent, the alloy combining with the oxygen or oxides or other 
impurities and the reaction products passing off in the slag. 
With the development of engineering steels having special 
properties, of corrosion-resistant steels of the chromium-nickel 
type, straight high-chromium alloys resistant to scaling and 
oxidation at high temperatures, the high-silicon irons, and a 
number of special alloys, increased demands have been made on 
the ferroalloy industry. 

Prior to about 1890, ferroalloys were made in the blast furnace 
or crucible and to a limited extent in the open-hearth furnace. 
High-carbon ferromanganese and low-percentage manganese 
alloys such as spiegeleisen and silicon-spiegel, 15 per cent ferro- 
silicon, and some ferrophosphorus are still made by blast- 
furnace methods. These methods had their limitations in that 
the blast-furnace temperatures were not high enPugh for the 
reduction of some of the refractory oxides of the alloying metals, 
and low-carbon alloys could not be produced. The crucible 
method suffered the same limitations with the additional dis- 
advantage of small tonnage. The introduction of the electric 
furnace was the active beginning of the ferroalloy industry on a 
commercial scale. A further development was caused by the 
crisis in the carbide industry between 1895 and 1900, when 
makers of this product, particularly in Europe, found their 
capacity in excess of the demands for carbide and were forced 
to find other products to be made in the carbide furnaces. 
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The alloys in use for deoxidizing are ferromanganese, ferro- 
silicon, and to a smaller extent silieomanganese, ferroaluminum- 
silicon, silicon-zirconium, and ferrotitanium. Those used for 
imparting special properties to steel or for the formation of alloy 
steels are ferromanganese, ferrosilicon, ferrochromium, ferro- 
tungsten, ferromolybdenum, ferrovanadium, and to a smaller 
extent ferrotitanium, ferrouranium, ferrophosphorus, silicon- 
zirconium, and other minor materials. 

Furnaces. — The general design of electric furnaces for the 
production of alloys is much the same, but they differ in electrical 
connections, number and arrangement of electrodes, and shape 
and size of the hearth. The furnaces are single, two or three phase. 
The simplest type is that of Siemens, in which current enters 
through a vertical electrode suspended in the furnace directly 
over the conducting hearth which serves as the other electrode. 
The furnace shell is usually cylindrical with a tap hole provided 
at the lower side. The electrode is raised or lowered either by 
hand or by a motor-operated winch connected to the electrode 
by a cable. This type is employed in the production of ferro- 
tungsten and ferromolybdenum. When the alloys produced can- 
not be tapped, the furnace can be knocked down, and the alloy 
button removed. 

In another modification of a single-phase furnace, two elec- 
trodes are used arranged vertically, the current passing through 
one electrode into the charge and out the other. The shell is 
usually rectangular and the furnace is built with an open or 
closed top. Two-pliase furnaces find little application. The 
three-phase furnace is used almost entirely for the production of 
ferromanganese, ferrosilicon, ferrochromium, and ferrovanadium. 
The shell is either rectangular or oval, lined with a refractory 
material; the bottom of the furnace is lined with carbon or carbon 
blocks. The furnace shell is of steel plate, is either air or water 
cooled, with a tap hole provided at the lower side. The units 
usually have open tops to permit continuous charging, save in 
the cases where volatilization losses are great enough to warrant 
totally enclosed furnaces equipped with mechanical charging 
devices. 

The energy consumption for different alloys is dependent upon 
the size of the furnace employed, the proper handling of the 
charge and the operations conducted, the percentage of the 
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alloying metal, and the percentage of carbon in the product. 
The furnace voltage required for smelting ferroalloys usually 
ranges from 50 to 160, the most suitable voltage depending upon 
the general furnace layout. Multitap transformers capable of 
giving several different voltages are often employed so that 
different alloys can be made in the same furnace at different times. 

Ferrosilicon. — Ferrosilicon, in point of tonnage, is one of the 
most important of the ferroalloys. It is largely used for deoxi- 
dizing steel during refining, in the manufacture of steel castings, 
for the introduction of silicon into cast iron, and the production 
of high-silicon steel for electrical purposes and high-silicon iron 
for corrosion-resistant metals. It can be made in the blast 
furnace, in which case the silicon content seldom exceeds 15 
per cent, while the products from the electric furnace range as 
high as 90 to 95 per cent Si. Ferrosilicons between 45 and 60 
per cent Si show a tendency to disintegrate with the production 
of SiH 4 gas accompanied by PH 3 if impure raw materials be 
used. The phosphorus content of the ferrosilicon is very impor- 
tant. If phosphorus run high and be accompanied by a small 
amount of calcium exceeding certain limits, disintegration sets 
in. The common grades manufactured are 15 per cent, 50 per 
cent, 75 per cent, and 90 per cent ferrosilicons, whose approxi- 
mate compositions are given in Table LIX. 


Table LIX. — Analysis of Ferrosilicons 


Constituent 

15 per cent 
ferrosilicon 

1 

50 per cent j 
ferrosilicon 

75 per cent 
ferrosilicon 

90 per cent 
ferrosilicon 

Percentage Si 

14-16 

47-52 

75-79 

90-94 

Percentage Fe 


48 

20 

4.50 

Percentage C 

1 (max.) 

0.1 

0.1 

0.1 

Percentage P 

0.05 (max.) 

0.05 

0.05 

0.05 

Melting point, deg. C. . 

1280 

1360 

1360 

1330-1450 


The raw materials are silica in the form of quartzite or sand, 
iron as low-phosphorus, low-sulphur soft-iron and steel turnings 
or chips, and a carbonaceous reducing agent such as charcoal or 
high-grade coke low in sulphur and phosphorus. The chief 
impurities in the raw materials are A1 2 0 3 , MgO, and CaO, which 
form the slag. The furnaces employed are of the mixed arc- 
resistance type with three vertical electrodes operating on three- 
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phase current. A typical one is illustrated in Fig. 169. The 
furnace shell is of steel plate, air-cooled, with a refractory lining, 
on top of which is a carbonaceous layer. In operation a crust of 
solidified charge forms the working lining. Operating details are 
given in Table LX. 

Silicon. — The first attempts to make silicon employed a 
resistance furnace such as is used for SiC. Arc furnaces are now 
used, similar to those employed for the manufacture of high- 
percentage ferrosilicon. The raw material is silica rock and 



Fig. 169.- -A 2,500-kva. ferrosilicon furnace. ( Courtesy Southern Ferro Alloys 

Company .) 

carbon. A typical three-phase 3,000-kw r . furnace operating at 
120 volts is 14 ft. long, 8 ft. wide, and 5 ft. deep. The furnaces 
are rectangular in section, being built of a steel shell lined with 
blocks of carbon. A 3,000-kw. furnace produces about 5^ tons 
of 90 to 95 per cent silicon in 24 hr. When high-grade silica sand 
and petroleum coke or other reductant are used as raw materials, 
95 to 97 per cent silicon may be made. The energy consumption 
is less than 6 kw.-hr. per lb. Si. The principal uses of silicon are 
as an alloying agent for light metals such as aluminum, a reducing 
agent for the production of certain alloys of vanadium and 
chromium, particularly low-carbon ferroalloys containing these 
elements. Typical commercial grades are: 
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Si. . 
Fe. 


Maximum. 1 per 
cent Fe grade 

97 per cent (min.) 
1 per cent (max.) 


Maximum 2 per 
cent Fe grade 

96 per cent (min.) 
2 per cent (max.) 


Maximum 3 per 
cent Fe grade 

95 per cent (min.) 
3 per cent (max.) 


Ferromanganese. — Ferromanganese is employed as a deox- 
idizer and as an alloying constituent for the production of hard 
and tough steels containing 12 to 14 per cent Mn, and of a much 
larger tonnage of engineering steels having 1 to 2 per cent Mn. 
Spiegeleisen containing up to about 20 per cent Mn was for 
many years made only in the blast furnace and a similar con- 
dition held true for the higher manganese alloys up to 70 to 80 
per cent, in that it was thought that the volatilization losses in 
electric furnaces, as a function of the higher temperatures reached, 
would be prohibitive. It was later discovered that in a well- 
designed, well-operated furnace these losses can be minimized. 
Actual smelting of the alloys is easier than in the blast furnace, 
slag loss is less, and low-carbon products, not producible in 
the blast, can be made in electric furnaces. Spiegeleisen, used 
in Bessemer and basic open-hearth practice, has an approximate 
chemical analysis of 15 to 30 per cent Mn, 4.5 to 5 per cent C, Si 
1.00 per cent (max.), S 0.05 per cent, P 0.15 per cent. A standard 
grade of ferromanganese contains approximately Mn 78 to 82 
per cent, Fe 15 to 19 per cent, C 6 to 8 per cent, Si 1.00 per cent 
(max.), P 0.35 per cent (max.), S 0.05 per cent (max.). A low- 
carbon ferromanganese, preferred for use in low-carbon steels, 
has an approximate composition of Mn 80 to 85 per cent, Si 1 
per cent (max.), and either 0.30 max. or 1 max. per cent C. 

The raw materials are manganese ores containing 45 to 50 per 
cent Mn, carbonaceous reducing agents, iron or iron ore, and 
suitable slag-forming materials if necessary, depending upon the 
constituents of the charge. Ferromanganese furnaces are in 
general similar to those used for ferrosilicon, although they may 
be of the closed-top type with provision made for the collection 
and utilization of gaseous products from the furnace. When 
ferromanganese is made in the electric furnace, manganese recov- 
ery is ordinarily greater than when the product is made in the 
blast furnace, and lower carbon content ferroalloys can be pro- 
duced. Smaller amounts of flux are used in the electric furnace 
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than in the blast furnace and losses of manganese in slags are 
lower, so that 90 per cent or better of the manganese content 
of the ores in electric furnace operation can be obtained in the 
finished ferromanganese. Coke consumption in blast furnaces 
when ferromanganese is produced is more than double the coke 
consumption for the production of pig iron in the same unit. 
Typical operating data are given in Table LX. 

Manganese. — Manganese metal is produced in electric fur- 
naces by silicon reduction of low iron-content manganese ores. 
It is used as an alloying agent for nonferrous alloys and for cer- 
tain resistance wires. It is furnished in two grades, one analyzing 
Mn 96 to 97 per cent, Fe 2 per cent (max.), Si 1 per cent (max.), 
C 0.25 per cent (max.), and the other Mn 95 to 96 per cent, 
Fe 3 per cent (max.), Si 1 per cent (max.), C 0.25 per cent 
(max.). 

Ferrochromium. — Ferrochromium is used for the production of 
chromium steels which are exceedingly hard, useful for armor 
plate and projectiles. It is extensively employed in the manu- 
facture of heat-resistant chromium alloys, chromium-nickel, 
chromium-molybdenum, chromium- vanadium, engineering, auto-- 
motive, and tool steels, as well as for the corrosion-resistant 
alloys from 10 to 30 per cent Cr and those of the chromium- 
nickel variety such as the 18-chromium 8-nickel type. The 
material is produced chiefly as an alloy containing 65 to 75 per 
cent Cr, 4 to 8 per cent C, and 1 to 3 per cent Si, or in grades of 
lower carbon content. The grades known as maximum 5 per 
cent and maximum 6 per cent carbon constitute the bulk of the 
demand. The alloy is furnished either in lumps weighing as 
much as 75 lb. or in crushed form. A typical analysis would 
show 66 to 70 per cent Cr and would be graded according to 
carbon content into classes 4 to 5, 5 to 6, or 6 to 7, with melting 
points from 1200 to 1300°C. The raw materials are chrome- 
iron ore, carbonaceous reducing agents, and the necessary slag- 
forming materials depending upon the charge constituents. The 
furnaces used are in general similar to those employed for ferro- 
silicon, but they differ materially in details. Some typical 
operating data are included in Table LX. Ferrochromium fur- 
naces can be operated to give low-carbon products if desired, 
but only at the expense of increasing losses of chromium in the 
slags. When an 8 per cent carbon product is made, 90 to 95 
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per cent of the chromium charge may be recovered as ferro- 
chromium; but if 6 per cent carbon be produced, the chromium 
recovery is somewhat lower. For the production of low-carbon 
ferrochromiums, silicon metal or high silicon-content ferrosilicons 
are employed as reducing agents instead of carbonaceous 
materials. The low-carbon ferrochromiums show typical analy- 
ses of 67 to 72 per cent Cr in grades according to carbon content 
of 0.06, 0.1, 0.2, 0.3, 0.5, 1, and 2 per cent, with a maximum of 
1 per cent Si. The melting point ranges from 13^0 to 1550°C. 

Chromium. — Chromium metal is produced by the silicon 
reduction of chromium ores in electric furnaces, the product 
being used for nonscaling alloys subjected to high temperatures, 
resistance wires, and alloys for electrical heating appliances, as 
well as for some special corrosion-resistant alloys. It is fur- 
nished in two grades, one running 97 to 98 per cent Cr with a 
maximum of 1 per cent Fe, another with 96 to 97 per cent. Cr 
with a maximum of 1.5 per cent Fe, with carbon contents of 
either 0.2 or 0.5. 

Ferrotungsten. — Ferrotungsten is used for the manufacture of 
high-speed tool steels and other alloys. Only those low in W 
can be tapped readily, because of the high melting point of the 
alloys. The raw materials are tungsten minerals such as 
wolframite [(Fe, Mn)WOJ, ferberite (FeW0 4 ), and scheelite 
(CaW0 4 ); carbonaceous fuel; slagging materials; and iron ore 
or scrap iron. The practice is to use small furnaces worked inter- 
mittently, which are dismantled at the end of every run and the 
solid block of alloy is taken out. Ferrotungsten takes up carbon 
but to a lesser degree than does ferrochromium. The most 
common grade is 78 to 83 per cent W, 0.75 per cent Si (max.), 
and 1.00 per cent C (max.), with a melting point of approximately 
1800 to 1900°C. Some operating data are given in Table LX. 

Ferromolybdenum. — Ferromolybdenum is used for alloys such 
as the engineering, aircraft, and automotive steels and for ferrous 
metals for a number of special purposes, often in connection with 
other metals. The raw materials are in some cases roasted 
molybdenum concentrates such as molybdenite (MoS 2 ) or molyb- 
denum sulphide directly, iron or steel scrap and turnings, car- 
bonaceous or metallic (Si) reductants, and lime. Alloys up to 
50 or 60 per cent Mo can be tapped, but those above this per- 
centage are manufactured in a manner similar to that used for 
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ferrotungsten. Typical operating data are given in Table LX. 
The most common grade is Mo 50 to 60 per cent, S under 0.25 
per cent, Si 1.50 per cent, low-carbon grade 0.25 per cent C, 
high-carbon grade 2 per cent C. In recent years calcium molyb- 
date (CaMoCL) has been replacing ferromolybdenum in the 
production of molybdenum steels. It has the advantage of being 
practically a carbon-free material. Its composition is approxi- 
mately 40 per cent Mo and 25 per cent CaO. 



Fig. 170. — A ferrovanadium furnace. ( Courtesy Vanadium Corporation of 

America.) 

Ferrovanadium. — Ferrovanadium imparts to steel the property 
of resisting shock and vibration, being used for vanadium and 
other alloy steels. The raw materials are vanadium ore con- 
centrates high in V2O5 which are smelted with iron and fluxes, 
with reducing agents such as coke, 90 to 95 per cent silicon or 
ferrosilicon. Relatively high temperatures of reduction are 
needed, at which point vanadium shows considerable chemical 
activity. Furnaces have a very small hearth for the power 
input and are of such design that the alloy immediately leaves 
the electrode zone. The furnaces consist of cast-iron shells lined 
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with refractory, inside of which is a tamped graphite and carbon 
block hearth. The furnace is totally enclosed, electrodes passing 
vertically through the roof, with tap and slag holes located in 
one side in the front. A typical furnace is shown in Fig. 170. 
The mixed and pulverized charge, consisting of ore, reducing 
agents, and fluxes, is delivered automatically into the electrode 
zone. Furnace arcs are maintained below the slag layer into 
which the electrodes dip. A typical furnace construction is 
shown in Fig. 171. The furnaces are three phase, operating at 



FrG. 171. — Construction of ferrovanadium furnace. {Courtesy Vanadium Cor- 
poration of America.) 

full load at 220 volts, power factors being above 95 per cent. 
A typical product is 33 to 42 per cent Y, 3 to 5 per cent Si, 0.5 to 
3 per cent C. Another is 35 to 40 per cent V, 8 to 12 per cent Si, 
2 to 3 per cent C; although other grades containing higher 
vanadium, less silicon, and less carbon are produced. Ferro- 
vanadium has a melting point between 1250 and 1400°C. 
Typical operating data are given in Table LX. 

Silicomanganese. — Silicomanganese has the advantages of 
both ferrosilicon and ferromanganese. It is employed for 
deoxidation and imparting favorable mechanical properties, 
particularly with high-sulphur steels. It ordinarily has a lower 
carbon content than ferromanganese. It is produced in several 
grades whose compositions are approximately as follows: 


Constituent 

(1) 

(2) 

Percentage Mn 

65-70 

65-70 

16-20 

Percentage Si 

20-25 

Percentage C, max 

1.00 

2.00 




Table LX. — Ferroalloys 
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It can be made by the separate production of ferrosilicon and fer- 
romanganese which in their fluid condition are mixed together, 
when the carbon of the ferromanganese is precipitated as graphite 
which can be removed from the surface of the cooled alloy. It is 
more usually made in ferrosilicon furnaces from charges of 
siliceous manganese ore with scrap iron or steel and carbonaceous 
fuel, silica being added if necessary. Typical operating data are 
given in Table LX. 

Zirconium Alloys. — Zirconium-ferrosilicons and silicon-zircon- 
ium are made in the electric furnace from zirconium silicates and 
zircon with carbon reductants. Zirconium-ferrosilicon is used 
in the same manner and as a substitute for ferrosilicon but 
yields sounder and cleaner metal. A typical grade is Zr 9 to 12 
per cent, Si 40 to 47 per cent, Fe 40 to 45 per cent, C 0.20 per 
cent (max.). Silicon-zirconium is employed as a deoxidizer and 
scavenger. Zirconium has a beneficial effect on the hot working 
properties of high-sulphur steels. A typical grade is Zr 35 to 
40 per cent, Si 47 to 52 per cent, Fe 6 to 10 per cent, C 0.50 per 
cent (max.). 

Minor Alloys* — Calcium-silicon is an electric-furnace product 
made from lime, silica, and a carbonaceous reducing agent. 
It is useful as a steel deoxidizer, owing to its ability to form a 
calcium silicate having a low melting point. It is manufactured 
in two grades according to iron content, the high iron being Ca 22 
to 28 per cent, Si 65 to 70 per cent, Fe 5 per cent (max.), and the 
low iron being Ca 30 to 35 per cent, Si 60 per cent, Fe 3.5 per 
cent (max.). 

Ferrosilicotitanium, useful as a steel deoxidizer, is made as a 
by-product of the Hoopes-Hall electric-furnace process for the 
refining of bauxite and the production of alumina. 

Among other ferroalloys that should be mentioned is ferro- 
titanium, generally made in the electric furnace and to a smaller 
extent by the aluminothermic reduction process. The electric- 
furnace product contains about 16 per cent Ti and 7 per cent C. 
Ferrophosphorus , usually a blast-furnace product used in making 
sheet steel and for imparting free-cutting properties to steel pipe, 
is produced to a considerable extent in the electric furnace. 
F errouranium , 35 to 50 per cent U and 3 to 4 per cent C, is 
produced in small amounts in the electric furnace at an energy 
consumption of 3.5 kw.-hr. per lb. with a 75 per cent recovery of 
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uranium. The deoxidizer f err o silicon-aluminum is made by 
adding molten aluminum to ferrosilicon. 

Electrothermic Zinc. — The Cowles Brothers in 1885 proposed 
the use of the electric furnace for the smelting of zinc ores. 
DeLaval experimented in the field in 1893 and in 1898 had an 
intermittent operating furnace at Trollhattan in Sweden. Com- 
mercial furnaces were built during the years following in sizes of 
350 and 500 hp., all being single phase with bottom hearth 
contact and one movable top electrode. Landis 1 has described 
the process in its later stages of development and furnaces with 
larger hearths and two top electrodes, one of which was suspended 
in the furnace and lowered as it was consumed and the other 
raised or lowered to control the power of the furnace. Lead and 
zinc were volatilized out of the smelting zone at temperatures 
above 1400°C. and left as vapors mixed with C0 2 passing to 
water-cooled condensers, where the metals were recovered partly 
as liquid and partly as powder. The powder was sent to a 
rotary electric furnace for conversion into the liquid form, 
liquated, and cast. Power consumption per ton of 57 per cent Zn 
ore was of the order of 3,400 kw.-hr., or 6,600 kw.-hr. per ton of 
zinc. Smelting alone consumed 2,150 kw.-hr. per ton of ore. 

O’Harra 2 reviewed the history of electrothermic zinc and com- 
pared the economics of the method with electrowinning and 
pyrometallurgy. The first cost of plant and greater adaptability 
to small-scale operations as compared to hydrometallurgy or 
electrowinning processes, along with the efficient utilization of 
energy by the electric furnace are listed as advantages. 

Weaton 3 - 4 and Long 4 have described the direct production 
of metallic zinc by the electrothermic process. The furnaces 
are tall shafts 30 to 40 ft. in over-all height, with an inside diam- 
eter of 57 to 69 in. They are of the charge-resistor type where 
the charge serves as the current-carrying medium between two 
sets of electrodes, three in each set, spaced 24 ft. apart vertically 
and 120 deg. to each other horizontally. Operating conditions 
are given in Table LXI. Diagrammatic representation of the 

1 Trans. Am. Inst. Mining Met . Engrs., 121, 573 (1936). 

2 U.S. Bur. Mines, Bull. 208, 106 pp. (1923). 

3 Trans. Am. Inst. Mining Met. Engrs., 121, 599 (1936). 

4 Weaton and Long, Am. Inst. Mining Met. Engrs., Tech. Pub. 1040; 
Metals Tech., 6, February, 1939. 
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The zinc oxide is recovered in cyclone dust collectors and bag 
filters. 


Table LXI. — -Electrothermic Ziistc 


Raw material 


Charge 

Furnaces : 

Capacity per day, tons of charge . . 

Size 

Power, kilowatts 

Type 

Temperature, degrees centigrade . . 
Electrodes: 

Number 

Spacing 

Material 

Size 

Consumption, pounds per ton oi 

metal produced 

Energy consumption, kilowatt-hoim 

per ton of Zn 

Amperes per electrode 

Voltage of furnace 


Zinc sulphide concentrate analyzing 
Zn 58.28, Pb 0.56, insoluble 1.6, 
SiO» 1.12, Fe 6.4, CaO 0.47, MgO 
0.27, S 31.9, Cd 0.1, Cu 0.06, Mn 
0.24 per cent 

36 parts sinter, 16 parts coke 

40 

37 ft. high, inside diameter 57—69 in. 

1,500 

Charge resistor 

Core 1400, main body 1200 

2 sets of 3 each 

24 ft. apart vertically, 120-deg. angle 
horizontally 

Pitch-impregnated carbon 

60-72 in. long, 12 in. square 

5 

2,564 

1,800-2,000 

250-275 



CHAPTER XXIII 

CALCIUM CARBIDE AND CYANAMIDE 

Calcium carbide is produced in the electric furnace according 
to the reaction 

CaO + 3C CaC 2 + CO — 108,000 cal. 1 

which is endothermic and reversible. At high temperatures the 
reaction proceeds from left to right, while at low temperatures 
the equilibrium moves in favor of the left-hand side of the equa- 
tion. The reaction according to the phase rule has one degree of 
freedom, i.e., at any given temperature one definite pressure of 
CO corresponds to equilibrium. At 1475°C. the equilibrium CO 
pressure is 0.82 mm. Hg. 2 Thompson states that above 1500° 
CaC 2 decomposes into its elements but not so rapidly as it is 
produced, otherwise its manufacture would not be possible. 

Raw Materials. — The raw materials for carbide manufacture 
are lime and carbon which must be available in commercial 
quantities and of purities obtainable at economic costs. Rela- 
tively large quantities of impurities result in either thick crusts 
in small furnaces, or the building up of crusty and partially 
solidified portions of the charge between electrodes in large 
furnaces. As such, the impurities are objectionable in that they 
interfere with regular and effective operation of the furnaces. 
The impurities consume power for bringing them up to the 
furnace temperature and for their elimination. The lime must 
be of good quality chemically as well as have mechanical strength, 
without tendency to crumble into dust. In the United States 
carbonaceous materials are coke and, if economically available, 
charcoal, while in Europe anthracite coal is also employed. 
Charcoal is usually more expensive, is light and brittle, is low 

and Ktjhnb, J. chim. yhys., 12, 432 (1914), give 110,000 cal., 
while the Report on Fixation and Utilization of Nitrogen (1922) of the U.8. 
Fixed Nitrogen Research Laboratory gives 105,000 cal. 

2 Thompson, Proc. Am. Acad., 45, 431 (1910); Met. & Chcni. Eng., 4, 
3: 27 (1910). 


504 



CALCIUM CARBIDE AND CYANAMIDE 


505 


in fixed carbon, and has a high resistance. Its use gives the 
purest carbide and allows easy operation of the furnace. Even 
as little as 20 per cent of the carbonaceous change in the form of 
charcoal markedly betters furnace-operating conditions. Petro- 
leum coke, a pure form of carbon available in large quantities, 
finds considerable employment, although it is more expensive 
than coal or coke. In the United States coke is almost univer- 
sally used. It is desirable to obtain these materials with as 
low ash, moisture, sulphur, and phosphorus as possible. The 
principal disadvantages of coke are its high ash, which should 
not exceed 12 and is usually around 8 per cent, and its moisture, 
which is of the order of 6 per cent; but the coke is always dried 
before use. It has the advantage that the furnaces start more 
easily and work with less trouble than with anthracite. Coal 
has a slightly higher fixed carbon percentage than coke and a 
lower ash, the value of which is around 4 per cent. It may 
contain iron pyrites, which results in the formation of ferrosilicon 
from the silica in the lime. In ingot furnaces the ferrosilicon 
remains distributed throughout the carbide, but in tapping units 
it collects at the bottom of the hearth and from time to time runs 
out with the tapped carbide. When ingot furnaces were oper- 
ated, the ferrosilicon was removed from the crushed carbide by 
magnetic separation and hand picking. This is done to a slight 
extent in the case of carbide from tapping furnaces. 

Phosphorus in the carbonaceous materials is a most serious 
impurity, as, in the strongly reducing conditions of the furnace, 
it will appear in the product as a phosphide which, when water 
is used to convert the carbide into acetylene, will liberate poison- 
ous PH 3 . When acetylene from phosphorus-containing carbide 
is burned, a haze of phosphoric acid appears around the burner. 
Sulphur is not usually a serious impurity, in that it is partly 
volatilized in the furnace. With present methods of acetylene 
generation in which large volumes of water are used, sulphur 
impurities under ordinary conditions of the carbide are not 
important. 

The purity and physical properties of limestone are important 
in determining its fitness for carbide manufacture. When it is 
burned to lime, it loses nearly half its weight with the consequent 
increase to almost double the amount of impurities. Limestone 
suitable for carbide should be at least 97 per cent CaC0 3 . As 
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much as 1 per cent MgO may be present, but it interferes with 
furnace operation, consumes power, and lowers production, 
although it is almost entirely volatilized during furnace operation. 
Alumina impurities interfere with CaC 2 formation, consume 
power, and lower production. Silica in the limestone lowers the 
fusion temperature in the furnace so that the quantity of tapped 
material is increased, but the product generally contains a lower 
percentage of CaC 2 - Inasmuch as the carbide operator is 
essentially interested not in total tonnage but in total quantity 
of CaC 2 , silica is an interfering impurity, particularly if there 
be as much as 2 per cent in the limestone and the magnesia con- 
tent be also high. Silica in the limestone, if iron or iron oxides be 
very deficient, does not readily form ferrosilicon. If there be 
sufficient iron, the silica will be reduced. Bingham 3 gives as a 
desirable limestone for carbide manufacture one having the 
following maximum quantities of impurities: MgO 0.5 per cent, 
A1 2 0 3 and Fe 2 0 3 0.5 per cent, P 0.004 per cent, Si0 2 1.2 per cent, 
S traces only. Limestone of such quality is not readily obtainable 
in very large tonnages required for the carbide business. 

Furnace Types. — Calcium carbide is made in smothered arc 
furnaces from which it is removed either as a solid ingot or by 
tapping while in molten form. The electrodes are deeply buried 
in the charge and arcs exist only around the tips of the electrodes 
between the electrode and the surrounding charge. The ingot 
furnaces, now obsolete, may be subdivided into the intermittent 
and continuous types. They will be included in this discussion 
because of their historical importance, inasmuch as formerly 
they were the foundation of the carbide business. The tapping 
furnaces are large in size. The furnaces are fundamentally 
simple in design; because of their capacity and high power 
consumption, however, they have become complicated mecha- 
nisms. Present-day units are equipped with mechanical charging 
and tapping devices, apparatus for the removal of gases, large- 
size electrodes, and means of electrode regulation. The largo 
power requirements for the furnaces, particularly because of 
their high-current nature, necessitate special electrical equipment. 
Supporting of the large electrodes and making the necessary 
current contacts to them have brought about the development 

3 “Manufacture of Carbide of Calcium, W. Wesley and Son, London, 
1920 . 
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of relatively complicated electrode holders and methods of 
joining electrodes for continuous feed. 

Ingot Furnaces. — The original ingot furnace consisted of a 
carbon-lined steel box on wheels. The bottom of the lining 
served as a hearth electrode to which an arc was sprung from 
another mounted vertically. The box or furnace shell had a 
refractory-lined, funnel-shaped, sheet-iron extension into which 
the charge was shoveled and heaped around the electrode. 
During the run the upper electrode was gradually raised manually 
as the carbide was formed in the furnace. When the box was 
filled, the current was cut off. The car was disconnected and 
removed. After cooling, the block or ingot formed was lifted out, 




Fig. 173. — Horry furnace. 

freed of unreacted charge, broken up, and packed. The discon- 
tinuous ingot furnaces are obsolete. They had low energy 
efficiency, high consumption of raw materials, high labor charges, 
and small output. 

Continuous ingot furnaces were developed to overcome the 
disadvantages of the intermittent type. The best known is that 
of Horry, the construction of which is shown in Fig. 173. It 
consisted of two vertical iron disks 8 ft. in diameter and held 
3 ft. apart by a horizontal cylinder through which ran the shaft 
or axis of the furnace. An annular space was formed between 
this cylinder and a number of segmental cast-iron plates about 
1 ft. long whose sides were fastened to the circumference of the 
vertical disks. In practice only those segments necessary to 
make the bottom half of the furnace were used, the upper half 
being open. The electrodes projected vertically into the annular 
space through a shaft set tangentially, the charge being fed into 
the shaft so that the electrodes were completely embedded. As 






Fig. 175. — Horry furnaces, discharge side. ( Courtesy Union Carbide Company.) 

opposite the electrodes. The furnace was slowly revolved, 
making a complete revolution in 1 } 4 days at a current of 4,000 
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carbide formed it was removed from the electrode area by 
rotation of the unit and was taken off at a point diametrically 


Fig. 174. — Horry furnaces, electrode side. ( Courtesy Union Carbide Company.) 
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amp. at 75 to 80 volts. The entire operation of the furnace was 
automatic as far as electrode regulation, power feed, and rotation 
were concerned. The charge adjacent to the plates was not 
fused, so that the actual working lining of the furnace was 
unreacted charge. The circular segment of fused carbide 'which 
did not stick to the furnace plate was removed from the furnace 
at the side opposite the electrodes. In operation, the outer 
segmental plates which formed the annular space were bolted 
on at a point near the electrodes and taken off at the opposite 


Fig. 176. — Small carbide furnaces. ( Courtesy American Cyanamid Co.) 


side. A typical installation of Horry furnaces is shown in Figs. 
174 and 175. 

Tapping Furnaces. — Modem carbide furnaces are always of 
the tapping type. In the United States they are usually three 
phase three electrode; in Europe there has been an extensive 
development of single-phase hearth-electrode types of large 
capacity. A typical unit is shown in Fig. 176. In the three- 
phase furnaces the electrodes are generally arranged vertically 
in line, whereas in some of the more recent ones they are located at 
the points of a triangle. Tapping holes are located in front of 
the furnace. In American practice there is usually one tap hole 
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per furnace. In Continental units there may be as many 
tap holes as there are electrodes. When this construction is 
employed in American units, tapping is done from only one tap 
hole. The furnace itself consists of a rectangular boiler-plate 
shell, lined with refractory material which is in turn lined with 
carbon. The furnace linings are located far enough away from 
the electrodes so that they are not attacked by the high tempera- 
ture or by the charge. Depending upon the power to the elec- 
trodes, no carbide is produced beyond a 1- to 3-ft. radius. 



Fig. 177. — A German 7,000-kw. carbide furnace. ( Courtesy M . Sem.) 

Heating is done by smothered arcs between the electrodes, the 
hearth being electrically neutral. Electrical connection of the 
electrodes is ordinarily three-phase delta, although the star 
connection, with the hearth connected to the central point of 
the transformer, may be used. In operation, the furnace is 
really a smothered arc-resistance type, in that heating is done 
by arcs between the tips of the buried electrodes and the charge, 
and by resistance heating through the charge between the elec- 
trodes. The most modern furnaces are continuously charged 
and tapped. Figure 1/7 shows the top of a 7,000-kw. rectangular 
furnace, employing Soderberg electrodes. 

Currents of 25,000 to 40,000 amp. per electrode or electrode 
bundle are normal, and American practice tends constantly to 
increase the current per electrode unit. In recent practice, 


CALCIUM CARBIDE AND CYAN AM IDE 


511 


currents as high as 240,000 amp. per electrode bundle have been 
used in single-phase furnaces in Europe. It is stated that 
furnace voltages are 110 to 120 for units of the order of 3,500 
to 4,000 kw., 130 for 7,000 to 7,500 kw., and 150 for 15,000 kw. 
Electrode c.d. in single-phase furnaces are of the order of 20 to 
22 amp. per sq. in. (3.1 to 3.4 amp. per cm. 2 ) cross section, and 
35 to 40 amp. per sq. in. (5.4 to 6.2 amp. per cm. 2 ) in three-phase 
units. 

Tapping furnaces may be classified as open or closed top, in 
the latter case the furnace gases and dust being collected and 
used. In operation the units are fed at the top, generally by 



Fig. 178. — Carbide chills. ( Courtesy American Cyanamid Company.') 


automatic means, in a continuous or intermittent manner 
depending upon the size of the furnace, and tapped with the 
production of molten carbide through tap holes at the front of 
the furnace hearth. The molten material is run into either cast- 
iron chills, as shown in Fig. 178, or large saucer-like molds. 
The carbide is allowed to cool, is removed from the chills, and 
is broken up. 

Miguet Furnace. — In Europe the Miguet furnace for carbide 
has found considerable application. The hearth of the furnace 
is supported by pillars, enclosing a space for the transformers 
supplying the power. Forced air cooling of these transformers 
also cools the under part of the furnace and the interlaced 
conductors. The bottom of the furnace is made of two super- 
imposed thick plates of carbon which are divided into sections or 
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blocks cemented together with carbon paste. The lowest part 
of the lateral walls in contact with molten metal is also made of 
carbon. The furnace design enables the current to be led to a 
single electrode through a number of separate circuits sym- 
metrically arranged around the furnace. The current in each of 
these circuits is relatively small, but the total may be as high as 
240,000 amp. Details of design to increase the power factor 
make such high current capacity possible. 

A large cross section of electrode is required for the high cur- 
rent capacity. The Miguet electrode is built by piecing together 
prebaked carbon segments, dovetailing the ends of these, and by 
bolting the segments together in the horizontal axis. The rigid 
electrode is supported by the bronze contact plates conducting 
the current to the electrode, the pressure of the plates being 
regulated by a mechanical arrangement. These plates are 
surrounded and held in place by a steel ring fastened to the four 
vertical suspension rods or cables. To lower the electrodes, 
pressure on the plates is released. The lowering is controlled by 
limiting spring stops which, when released after the electrode is 
in its new position, spring back to normal position. 

All the supporting parts, the plates, ring, etc., are protected 
against gas fumes by a shield consisting of a water-cooled bronze 
circular casting around the electrode. This shield also acts as a 
current equalizer, since it is connected to the busbars on the out- 
side and to the electrode contact plates by means of flexible 
laminated copper bars. 

In order to add and to assemble the new electrode segments or 
blocks, a platform is provided directly above the furnace. This 
platform is cool and free from fumes, since the hot furnace gases 
are collected, cooled, and drawn out through ducts surrounding 
the electrode of the furnace and into a stack. 

A 5,000-kw. unit shows an energy consumption of 3,100 kw.- 
hr. per metric ton of 80 per cent carbide. The Miguet electrode 
has been used for currents as high as 240,000 amp., in which case 
the electrode diameter is close to 10 ft., operating at c.d. of 
21.1 amp. per sq. in. (3.25 amp. per cm. 2 ) cross section. 

Figure 179 diagrammatically illustrates the complexity of a 
modern carbide furnace of the single-phase single-electrode type. 
The furnace hearth constitutes only a small and simple part of 
the complete unit, while the complexity is due to charging 
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arrangement, poking mechanism, electrode contacts, sectional 
electrodes, electrode supports, hangings and adjustments, as 


it Electrode n Exhaust if ~ jk 



Fig. 179. — Diagram of a modern carbide furnace. 


well as gas and dust offtakes and their accompanying blowers and 
collecting systems. 
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Energy Consumption and Distribution. — For complete details 
on European practice of carbide manufacture, reference should be 
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Fig. 180.' — Utilization of calcium content of lime. 
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Fig. 181. — Utilization of carbon content of coke. 


made to one of the standard authorities . 4 Typical European 

4 Bingham, “Manufacture of Carbide of Calcium,” W. Wesley arid Son, 
London, 1920; Taussig, “Die Industrie des TCalziumkarbides,” Wilhelm 
Knapp, Halle, 1930. 
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operating data show materials of a charge in the proportion of 
980 lb. of lime, 650 of coke, and 20 of electrodes from which 1,000 
lb. of 85 per cent carbide is produced. American practice uses 
a smaller percentage of coke. Table LXII shows the analysis 
of the different portions of the charge, and in Table LXIII the 


Table LXII. — Analysis of Raw Materials for Carbide 


Constituent 

Lime 

Coke 

CaC 2 

Electrodes 

CaCs 



85.50 


C 


92.85 

2.20 

100 

CaO 

98.93 

8.25 

MgO 

0.51 


0.40 


Si0 2 

0.35 

5.96 

3.20 


s 

0.42 

0.27 


Fe 2 C >3 -f- A1 2 0 3 

0.20 

0.18 


H 

0.16 


O 


0.33 



N 


0.28 ; 








Table LXIII. — Distribution of Raw Material Constituents 
(in Pounds) 


Constituent 

Lime 

Coke 

Elec- 

trodes 

Total 

CaC 2 

Dust 

Gas 

C 


603.50 

20 

623 . 50 

342.6 

89 

191.9 

Ca 

692.50 



692 . 50 

593.3 

99.2 


O 

279 

2.1 


281 . 1 

25.2 


255.9 

H 


1.1 


1.1 



1.1 

N 


1 .8 


1.8 



1.8 

Mg 

3.0 



3.0 

2.4 

0.6 


S 


2.7 


2.7 

2.7 



Fe 2 0 3 H - AL 2 O 3 

2.0 



2.0 

1.8 

0.2 


Si0 2 

3.5 

38.8 


42.3 

32 . 0 

10.3 


Total 

980.0 

650.0 

20.0 

1,650.0 

1 , 000.0 

; 3 

199.3 

450.7 


distribution of the various constituents of the raw materials is 
calculated. 5 A typical utilization of the calcium content of the 
lime and carbon of the coke is given in Tig. 180 and Fig. 181. 
An energy distribution, based on the heat balance of a furnace 

6 Schlumberger, Z. angew. Cham., 40, 141 (1927). 



516 


ELECTROTHERMICS 


whose energy consumption is 325 kw.-hr. per 100 kg. of 85 per 
cent carbide, or 3,250 kw.-hr. per metric ton, or approximately 
2,920 kw.-hr. per short ton, is shown in Fig. 182. On the basis 
of these figures, the energy for 1 metric ton of 100 per cent carbide 
would calculate to 3,830 kw.-hr. If the heat of reaction for the 
formation of CaC 2 be taken as 108,000 cal., the theoretical energy 
for the production of 1 metric ton of 100 per cent CaC 2 would be 



Fig. 182 . — Energy distribution in carbide furnace. 


approximately 1,940 kw.-hr. The energy efficiency for the for- 
mation of carbide would then be 1,940 divided by 3,830, or 
approximately 51 per cent. The heat of reaction used in these 
calculations is at room temperature. If the necessary energy be 
added for heating the carbide from room temperature to the tem- 
perature of tapping (2000°C.) plus the necessary energy for 
heating the CO to 2000°, but crediting the operation with the 
sensible heat of the CO from the temperature at which it is formed 
to the temperature at which it leaves the furnace (800°), adding 
the latent heat of fusion of the CaC 2 and the necessary heat 
consumed due to volatilization of calcium as well as the heating 
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of the lime found in the final product from room temperature to 
2000°, a figure of 2,530 kw.-hr. per metric ton of 85 per cent 
carbide will be obtained. Using this as a theoretical energy- 
figure against an actual energy consumption of 3,250, the energy 
efficiency calculates to 80 per cent. 

Electrode consumptions are of the order of 2 to 4 per cent, being 
given as 20 to 40 kg. per metric ton, or 40 to 60 lb. per short ton 
of 85 per cent carbide. 

Before the World War, a furnace of 10,000 to 15,000 kva. was 
considered large. Today they are 25,000 kva. or over. A com- 
mon production is of the order of 8 to 8.5 kg. of carbide per 
kilowatt-day, or about 1.3 to 1.36 kw.-hr. per lb. of carbide. 
Covered furnaces or furnaces permitting the recovery of the CO 
(which is used for burning the limestone to lime) are the more 
general type. Energy efficiencies are higher in larger sized 
furnaces. 6 

CALCIUM CYANAMIDE 

Calcium cyanamide is produced in electrically heated ovens by 
the reaction between CaC 2 and nitrogen. The crude cyanamide 
resulting is a raw material for the manufacture of fertilizers, 
ammonia, urea, cyanides, insecticides, and fungicides. Some of 
these are in turn raw materials for synthetic products such as 
resins, gums, and plastics. 

The absorption of nitrogen by carbide was suggested by Frank 
in 1895, and, with Caro, he succeeded in developing a successful 
commercial process. The fixation of nitrogen in the cyanamide 

6 Danneel, Z. Elektrochem ., 36, 474 (1930), gives a typical energy distri- 
bution : 

Expenditure the furnace receives the heat of formation 


Kg. cal. 

2,580,000 

— 

-> 2,220,000 

1 

w 

o 

o 

o 

o 

Kw.-hr. 

3,000 


2,580 

1,590 


100 



53 


the electric losses 

radiation 

cooling 

heat losses through the products 

Kg. cal. 

64,500 

43,000 

258,000 

dust 

gases 

carbide 

Kw.-hr. 

75 

50 

300 

Kg. cal. 70,000 

72 , 000 

645 , 000 

Per cent 

2.5 

1.7 

10 

Kw.-hr. 82 

Per cent 2 . 7 

S4 

2.8 

750 

25 


Consequently, the furnace obtains 86 per cent of the energy, of which 53 
per cent is consumed for the reaction and 30 per cent for the lost heat of 
the products. 
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process is accomplished by bringing practically pure nitrogen gas 
under slight pressure into contact with finely ground carbide 
which had been heated to the reacting temperature of 900 to 
1100°C. Nitrogen reacts with carbide to form CaCN 2 and 
carbon, according to the reaction 

CaC 2 + N 2 = CaCN 2 + C + 97,800 cal. 

The reversibility of the reaction becomes appreciable above 
1360°C. with the formation of CaC 2 and the liberation of nitro- 
gen. The nitrification reaction, despite the fact that numerous 
investigations have been made on it, is not completely under- 
stood. It would appear that in an average cyanamide plant 80 
to 85 per cent of the carbide charged into the nitrifying furnaces 
is converted into cyanamide. The balance of the carbide is 
destroyed, since only a small percentage is found in the cyanamide 
product. The causes of these losses are not completely known. 
The presence of oxygen, C0 2 , CO, or water vapor in the nitrogen 
employed will cause decomposition of the carbide and the cyana- 
mide. It would appear, however, that some other factor such as 
temperature might also be responsible for decomposition losses. 

In contradistinction to the carbide reaction, the formation of 
cyanamide is exothermic. The heat produced by the reaction is 
utilized to maintain the carbide charge at the reacting tempera- 
ture. Thus in properly constructed commercial furnaces in 
which the reaction is caused to take place, it is only necessary to 
supply sufficient heat to start the reaction in a portion of the 
charge. 

The rate of absorption of nitrogen by heated CaC 2 is a function 
of both the temperature and the composition of the charge. In 
1894 Moissan 7 found that pure CaC 2 would not react with nitro- 
gen at temperatures below 1200°C. However, Frank and Caro, 
using commercial carbide, found that nitrogen could be fixed at 
temperatures considerably below 1200. The nitrogen absorption 
at temperatures around 1100° was so slow, however, that large 
amounts of energy had to be supplied to the furnaces to maintain 
the charge at the reacting temperature. From the observations 
of a number of workers, it was found that alkali and alkaline 
earth salts such as CaCl 2 were catalysts for the reaction. A 

7 Compt . rend ., 118 , 501 ( 1894 ). 
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carbide containing as much as 10 per cent CaCl 2 can be made to 
take up nitrogen equivalent to 18 per cent in 12 to 14 hr. at 730°C. 
The theoretical quantity of nitrogen in the final product is 22 per 
cent. Under the same conditions carbide alone took up less than 

1 per cent of nitrogen. Calcium chloride in cyanamide is objec- 
tionable since it is hygroscopic and hastens the formation of 
dicyanodiamide, a decomposition product. The use of CaCL 
has been discontinued. Calcium fluoride shows a catalytic 
action similar to the chloride. Although the reaction temper- 
ature is not lowered as much, it has been found that as little as 

2 per cent of the fluoride when intimately mixed with the carbide 
is sufficient. Calcium fluoride is not objectionable in the final 
product and appears to be generally used. 

A large number of other substances have been found to facili- 
tate nitrogen absorption, among these being CaO, CaCCh, 
Na 2 C0 3 , NaCl, Li Cl, AlCL, K2CO3 as examples. Under indus- 
trial conditions when large quantities of carbide are used, the 
heat liberated during the early stages of the nitrogen absorption 
serves to heat the charge up to 900 to 1100°C., the most satis- 
factory temperature level for nitrogen absorption. The result- 
ing cyanamide contains 24 to 25 per cent nitrogen. 

Furnaces. — Two general types of furnaces or ovens are in use, 
being subdivided into those of a continuous and those of a dis- 
continuous nature. The latter are more common in the United 
States and will be described first. The ovens consist of an outer 
steel cylindrical shell supported on a reinforced concrete disk. 
The size having an oven capacity of 1,600 lb. of carbide is about 

3 ft. in diameter and 5 ft. in depth; its shell is lined with about 
5 in. of infusorial earth or other suitable insulator, and 5 in. of 
firebrick or refractory. The bottom of the cylinder is covered 
with insulating brick which is in turn covered with firebrick. 
The unit is closed by a double cover, the inner one consisting of a 
hollow iron disk filled with infusorial earth or other thermal 
insulator and having a 5-in. opening in the center. The outer 
cover is of sheet steel belled to form a sand seal at the top of the 
furnace. Typical units are shown in Fig. 183. Nitrogen is fed 
to the oven through the bottom and also through the side near 
the bottom. A carbon heating electrode or rod placed in the 
center of the oven serves to bring the carbide adjacent to it up to 
the reacting temperature. 
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The crude carbide used for conversion into cyanamide is broken 
up and ground to fine powder, of a fineness of at least 85 per cent 
through a 200-mesh screen. 8 The flow sheet for cyanamide 
manufacture is given in Fig. 184. The material is pulverized by 
stage crushing and is ball-mill ground (the final grinding being 
done in a tube mill), at which point catalysts are also added so 
that they may be intimately mixed with the carbide. Since the 
material being ground readily reacts with moisture of the air to 


Fig. 183. — Cyanamide ovens. ( Courtesy American Cyanamid Company.) 

give acetylene which forms explosive mixtures with oxygen, it is 
necessary that all the grinding, conveying, and handling of the 
carbide after it leaves the crushers be done in an atmosphere of 
nitrogen. Before starting, the air in the mills and conveyors is 
swept out by dry nitrogen until the oxygen and acetylene per- 
centages do not exceed 2 and 1 per cent, respectively. 

The finely ground carbide or carbide charge is placed in a 
heavy paper cylinder a few inches smaller in diameter than the 
cyanamide oven. A small paper tube is so placed that it will 

8 “Report on the Fixation and Utilization of Nitrogen,” p. 75, U. S. War 
Dept., Washington, D.C., 1922. 


Carbon electrodes 
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surround the heating electrode so that the charge is thus held 
between two concentric cylinders. After the furnace is loaded 
the two covers are placed in position, the heating electrode 
inserted, the nitrogen turned on, and the heating current passed 
into the oven. The carbide adjacent to the heating pencil soon 
reaches a temperature of nitrification, and the outer paper 
cylinder, used as a container for loading the charge, is destroyed 
after several hours. Heating is continued for a few hours only, 
until the reaction is well started. The absorption of nitrogen, 
started at the core of the cylinder of carbide, proceeds gradually 
outward until the entire charge is converted into cyanamide. 



Fig. 185. — Ingot of crude cyanamide. ( Courtesy American Cyanamid Company.') 

The time of nitrification is a function of the composition and 
physical condition of the charge, the capacity and dimensions 
of the ovens, etc., but usually varies from 24 to 40 hr. At this 
time the grayish black solidly caked mass containing about 24 
per cent nitrogen is removed from the oven to cool. A 6-ton 
ingot of crude cyanamide is shown in Fig. 185. The furnaces at 
the United States Nitrate Plant No. 2 at Muscle Shoals had a 
capacity of about 1,600 lb. of carbide per charge. It is under- 
stood that those at the American Cyanamid plant at Niagara 
Falls, Canada, are much larger. 

The continuous cyanamide ovens have been either of the car or 
of the tower type. In the former case, in one plant ground 
carbide was held in sheet-metal collapsible boxes of about 3-cu. 
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ft. capacity. About 15 of these boxes were placed on an iron 
car running on a track through a tunnel oven which was heated 
and kept filled with nitrogen. Cars were charged at one end of 
the oven, pushing forward those already in, until, when the oven 
was loaded, a car would be discharged at the end for every one 
added. The nitrogen was introduced at the far end of the 
tunnel and flowed countercurrent to the travel of the cars. It 
appears that the carbide boxes are badly deformed by heat and 
had to be reshaped frequently. Troubles were encountered due 
to the warping of sections of the oven. A much less uniform 
cyanamide product was obtained than that produced in other 
types of ovens. In another design, the carbide in metal boxes 
moved through a long nitrogen-filled tunnel without the use of 
cars. The carbide was given a 'certain amount of agitation, by 
means of suitable cams, by a combined longitudinal-vertical move- 
ment of a section of the floor. The oven was heated electrically 
by arcs sprung between carbon electrodes extending through the 
sides of the oven just under the ceiling and a short distance above 
the carbide. The oven had a capacity of 25 to 40 tons of cyan- 
amide per day. 

In the tower type, developed in Sweden, the ovens are cylin- 
drical tower-like structures containing shelves so placed that, 
when carbide was charged at the top, it was caused to move down- 
ward from shelf to shelf by the action of mechanical scrapers or 
pushers. Nitrogen was fed at the bottom of the oven where 
the cyanamide was discharged. The heat necessary to start the 
reaction initially was furnished by carbon arcs near the top of the 
furnace. Temperatures were of the order of 950°C. and about 
2 hr. were required for the passage of the carbide through the 
oven. A readily ground lump product containing about 21 per 
cent nitrogen was obtained. Mechanical difficulties were 
encountered in the early development of the furnace. Caking 
of the charge during the formation of cyanamide was bothersome. 

The efficiency of nitrogen utilization appears to be low for all 
types of ovens. In the discontinuous types as generally operated, 
less than half of the nitrogen entering the oven is actually fixed, 
although with more careful regulation, it appears that 60 to 75 
per cent utilization is possible. The cost of the nitrogen, how- 
ever, is a relatively small item, and consequently a low utilization 
efficiency is not particularly serious. 
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The composition of the cyanamide produced is a function of 
the raw materials, the carbide furnace practice, purity of the 
nitrogen, the operation of the cyanamide ovens, preparation of the 
carbide, catalysts employed, and the carefulness of operation. 
The cyanamide ranges from 19 to 22 per cent nitrogen. 
The presence of unconverted carbide is objectionable in the 
processes employed for the conversion of the material into 
ammonia or for use as a fertilizer. The material is finely ground 
and the carbide destroyed by treatment with a spray of water. 

CYANIDES 

Cyanides are produced from cyanamide by fusion of mixtures of 
cyanamide, carbide, and common salt in an arc furnace and 
rapidly chilling the melt. The reaction is given as 

CaCN 2 + C + 2NaCl = CaCl 2 + 2NaCN 

The formation of cyanide is favored by high temperatures and 
its decomposition by lower ones; hence the cyanide is formed 
in the arc zone and the fusion product rapidly chilled. The 
carbide is added to prevent nitrogen loss, during heating. The 
furnaces employed have carbon-lined hearths which are relatively 
wide at the top, tapering down at the bottom. They are usually 
single phase equipped with a single vertical electrode, the con- 
ducting hearth serving as the other point of current introduction. 
Current densities are very high so that rapid fusion of the charge 
takes place. When the contents of the furnace has reached a 
temperature of 1300 to 1350°C., it is tapped out into a sump 
hole where it is rapidly cooled by mechanical devices. The fur- 
nace charge contains 100 parts crude cyanamide to 90 parts of 
rock salt, and a 90 to 94 per cent conversion of the cyanamide 
into cyanide is stated to take place, with the production of a 
grayish-black product containing 36 per cent or better of NaCN. 
It finds application in the cyanide process for gold extraction 
and for the production of HCN for fumigation work and the 
manufacture of insecticides. 
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NONMETALLIC ELECTROTHERMAL PRODUCTS 

Silicon Carbide. — Silicon carbide is an important member of 
the family of synthetic abrasives. In its commercial form it is 
known as Carborundum, Crystolon, and other proprietary 
names. In the reduction of silica by carbon at high temperatures 
a number of different products are produced, among which are 
silicon monoxide (SiO), metallic silicon, SiC, and an oxycarbide 
of indefinite composition but approximately Si 2 C 20 , termed 
“.amorphous SiC” or “firesand.” A petrographic examination 
of this product shows it to be finely crystalline SiC with varying 
amounts of unconverted silica and carbon. Greenwood 1 states 
that an intimate mixture of Si0 2 and carbon at low pressures 
first evolves CO at 1460°C. A whole series of reversible reactions 
are possible at temperatures above this, dependent upon the 
relative proportion of silica and carbon. These are 

SiO 2 Hh C ^ SiO -j~ CO 
SiO + C ^ Si + CO 
2SiO + 3C ^ Si 2 C 2 0 + CO 
SiO + 2C ^ SiC + CO 
Si + C SiC 

Tone 2 states that silicon melts at 1430°C. but is very viscous 
at this temperature. Exact knowledge of the thermochemistry 
of the reactions is incomplete. Saunders, 3 from his studies on 
commercially operating furnaces, gives 1600 ± 50° C. as the 
initial temperature of firesand formation, 1840 ± 30°C. as the 
thermal point of transformation of this product into crystalline 
SiC, and 2240 ± 5°C. as the dissociation temperature of SiC 
into carbon (graphite) and silicon. 

1 Electrochetn. Ind., 7, 119 (1909). 

2 Trans. Am. Eledrochem. Soc 7, 243 (1905). 

3 Trans. Am. Eledrochem. Soc.., 21, 425 (1912). 
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The most important of the reaction products of silica and 
carbon is SiC. This was given the name of Carborundum by 
its discoverer Acheson, who in 1891 found the material as a side 
reaction product in the course of his attempts to dissolve carbon 
in molten clay for the production of diamonds. 

Silicon carbide is prepared commercially in large quantities 
by heating a suitable charge of carbon and silica sand in a 
resistance furnace. The carbon is low-sulphur low-ash anthra- 
cite, coke, or petroleum coke. Sulphur is avoided because of 
the SO 2 produced during the operation of the furnace. Iron 
and aluminum oxides act as catalysts for the dissociation of SiC 



Fig. 186. — Silicon carbide furnace ready to burn. ( Courtesy The Carborundum 

Company.') 


into graphite and silicon. The silica sand is usually 98 to 99.5 
per cent SiC> 2 . The reactants are mixed in the proportion cor- 
responding roughly to the equation 

SiO a + 3C -+ SiC + 2CO 

with a slight excess of coke commonly used. Some sawdust may 
be mixed with the charge to increase its porosity and allow the 
evolved CO to be more readily released. It was formerly the 
practice to add some salt to the charge to convert the metallic 
oxides into volatile chlorides. Several manufacturers use no 
salt in their product. They purchase the purest raw materials 
obtainable and find no need for the messy volatilization of chlor- 
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ides which is harmful in a furnace plant and gives variability in 
operation. Tone gives the following composition of a ton of 
fresh charge: Sand 0.544 ton, coke 0.351 ton, and if added, saw- 
dust 0.070 ton, salt 0.035 ton. A portion of the mix is usually 
replaced by unconverted charge from a previous run. 

A typical SiC furnace such as is used in making Carborundum 
brand is shown in Fig. 186 and for the Cry stolon brand in Fig. 
187. Electrodes are inserted through the heads or ends of the 
furnace, and a core of granular coke or graphitized material is 
laid during the loading of the furnace between the ends of the 



Fig. 187, — Another silicon carbide furnace ready for operation. ( Courtesy 
The Norton Company.) 


furnace electrodes. When the loading is finished, the charge 
surrounds the core. The charge is held in place by the side walls 
of the furnace, which are refractory brick set loosely in place 
without a bond and supported by iron castings. They are not 
laid up in fireclay but are retained in steel frames which enclose 
them firmly. They do not fall out nor are any taken down when 
the furnace is discharged. Excess of charge on top of the furnace 
serves as a thermal insulator. During the heating of the charge, 
the CO produced burns at the side and top of the furnace as it 
works its way out through cracks and minute channels. When 
the furnace is first put on power its resistance is relatively high, 
but this decreases as the core heats up. Regulation of the 
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furnace for any given current is thus dependent upon voltage 
regulation. The efficient working of the furnace is a function 
of c.d. on the charge, size of furnace, method of loadings size of 
core, and rate of heating. The temperature of formation of SiC, 
1840 ± 30°C., is relatively close to its temperature of dissocia- 
tion, 2210°. In normal working, the temperature of the core 
is about 2350°. Ideal operation would involve a condition in 
which by far the greater part of the charge reached and was 
maintained at the temperature of SiC formation, and as little of 
the charge as possible was allowed to reach a temperature- cor- 
responding to carbide dissociation or graphite formation. 

Typical furnaces for 2,000 hp. size would be 47 ft. long, 8 ft. 
high, and 8 ft. wide, using an initial voltage between 300 and 200 
volts; or 30 ft. long, 10 ft. high, 10 ft. wide operating at an initial 
voltage of 230. 4 

When the furnace is unloaded, the core at the center of the 
furnace is found to be more or less graphitized. Sometimes 
there is a ring of graphite immediately adjacent to the core. 
This in turn is surrounded by the chief product of the reaction, 
SiC, an iridescent mass of crystals. There is a definite line of 
demarkation between the graphite and the SiC, and only a very 
thin layer, if any, containing both materials. The mass of SiC 
at its outer edges passes imperceptibly into a region of firesand. 
This in turn is surrounded by a shell or layer of unconverted 
mix, beyond which lie the more readily volatilized materials in 
the form of a hard crust. If salt has been used in the mix, this 
shell is largely chlorides distilled from the interior of the furnaces. 
Crude SiC is removed from the furnace and sent to the crushing 

4 The theoretical quantity of energy necessary for SiC production may be 
approximately calculated from the equation SiCh -f 3C = SiC -f- 2CO — 
119,600 Cal. If the mean temperature at which the SiC is heated be taken 
as 2100°C. and it be assumed that the CO cools down on an average to 
1400, and the mean specific heat for SiC between zero and 2100 be taken 
at 11.3 and that for CO at constant pressure between zero and 1400 about 
7.1, the energy required to heat up the SiC is 11.3 X 2100 = 23,700 Cal., 
and for the CO 2 X 7.1 X 1400 = 19,900 Cal. The total heat required will be 
the summation of these plus the heat of reaction, which will equal 163,200 
Cal. The theoretical energy then calculates to 4.7 kw.-hr. per kg. or 2.14 
kw.-hr. per lb. The energy efficiency of SiC manufacture, where the actual 
energy is 3.2 to 3.85 depending upon the size of the furnace, calculates to 
55 to 70 per cent, the larger furnaces showing the higher efficiencies. 
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plant where the pieces are broken down, subjected to washing, 
chemical treatment, and magnetic separation. Operating data 
on silicon carbide production are given in Table LXIV. The 
manufacturing flow sheet is given in Fig. 188. 

The chemical treatment of SiC consists in boiling it in H 2 S0 4 
then in a solution of caustic soda, which removes graphite, 
silicon, and silicides of iron and aluminum. It is then sized by 
screens and classifiers to give products from 6 mesh down to the 
finest powders. In this grain form it is ready for use for the 
polishing of metal or stone, or for further fabrication into grinding 
wheels, abrasive paper and cloth, sharpening stones, etc. Pure 
SiC is colorless, but the commercial product is either green, gray, 
or black and iridescent. This condition is due to a thin film 
of silica that can be removed by HF with the disappearance of 


Table LXIV. — Electric-furnace Abrasives 


Operation details 

i 

Silicon carbide 

Fused alumina 

Raw materials 

Coke, 98% silica 

Bauxite, coke, 


sand, sawdust 

scrap Fe 

Furnace : 



Type 

Resistance 

Vertical 



arc-resistance 

Size 

2,000 hp. 

550 kw. 

Length 

30' 


Cross-section 

10 X 10' 


Cross-section of charge 

3' diameter 


Walls 

Refractory brick, 

Steel, water 


cast-iron or steel 

cooled 


supports 


Initial voltage 

230 

100-110 

Final voltage 

75 


Initial current, amp 

6,000 

2,500 

Final current, amp 

20,000 


Current density across furnace 



charge, amp. per sq. ft 

650-2 , 200 


Core temperature, deg. C 

2350 


Furnace temperature, deg. C. . , . 

1820-2220 

2000-2200 

Length of run 

36 hr. 


Percentage conversion of material 

70-80 

95-100 

Energy consumption, kw.-hr. per 



lb 

3.2-3.85 

1.0-1. 5 

Energy efficiency 

55-70 
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colors. Commercial SiC grains ordinarily contain upward of 
98 per cent SiC. Its principal uses are as an abrasive, a refrac- 
tory, and an electrical heating resistor. 

Firesand or amorphous SiC is a by-product of SiC manufac- 
ture. It is a grayish-green powder which, like the crystalline 
material, is very refractory, being useful for furnace linings and 
crucibles where the furnace atmosphere is of a reducing nature. 
It is more readily oxidized than is SiC. Its density is 2.7, and 
when heated to about 1470°C. it is oxidized, giving silica and 
C0 2 . In the absence of oxygen, at a higher temperature, it is 
converted into SiC. 

Silicon monoxide is a gray to brown powder for which uses as 
pigment, polishing material, and a reducing agent have been 
suggested but have not found commercial application. 

Fused Alumina. — Fused alumina was first manufactured by 
the Norton Company at Niagara Falls under the trade name of 
“Ahindum, ” for use as an abrasive for grinding and drilling and 
as a refractory. The raw material is bauxite containing a few per 
cent of oxides other than alumina. These aid in the production 
of abrasives tougher than when pure alumina is used. The raw 
material is dried and calcined in advance of fusion. If the analy- 
sis of the bauxite be in the correct relation to the desired composi- 
tion of the product, it constitutes the entire charge; but if other 
constituents be desired, such as MgO, Ti0 2 , or Fe 2 C >3 not present 
in sufficient amount in the raw material, they are added to the 
charge. Various compositions of bauxite are chosen by various 
users. Almost invariably reducing agents, such as coke, and 
metallic oxides or metals, such as scrap iron, are added to the 
charge. These serve the purpose of producing a metal which 
will settle through the charge with the reduced impurities. The 
alloy collected from this purification is a somewhat variable grade 
of ferrosilicon, containing aluminum, titanium, phosphorus, and 
sulphur, all the latter having been reduced out of the charge. 
Other fused alumina products are made from previously purified 
bauxite. The product is gray or white in color. 

The furnace used by the Norton Company, shown in* Fig. 189, 
consists essentially of a circular hearth of carbon blocks con- 
taining a movable wall fitting into a groove on the circumference 
of the hearth. This wall is a truncated cone made of sheet steel 
and may or may not be water-cooled. The furnace is of the arc 
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type. It is placed in operation by striking arcs between the two 
vertical electrodes and the base of the furnace, single-phase a.c. 
being used. As the bauxite fuses, the electrodes are raised, and 
more charge is fed in, which is in turn melted in the arc between 
the two electrodes and the electrodes and the base. As the 
charge builds up, its thickness becomes great enough to prevent 
arcs between the electrodes and the base, and fusion is caused 
by the arc between the electrodes. As the bauxite melts, fresh 



Pig. 189 . — Electric furnaces and cooling floor showing large pigs of fused alumina. 
{Courtesy The Norton Company.) 


charge is fed in, the electrodes are raised, and the furnace gradu- 
ally filled. This operation is continued until a block of the fused 
product is formed. The furnaces are set up in rows, each furnace 
being on a car. The furnace is allowed to cool, the shell then 
lifted off the block by a crane, after which the solidified ingot is 
picked up by a crane and carried away for cooling. The furnace 
returns on its track to position for the next charge. Some 
operating data are given in Table LXIV. 

Tone 6 has described the method of manufacture of Aloxite 
brand of fused alumina for which the bauxite raw material is 

6 “Chemistry in Industry,” pp. 21-33, The Chemical Foundation, Inc., 
New York, 1924. 
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first calcined to remove about 30 per cent of water, then mixed 
with ground coke and iron borings. This mixture is introduced 
into a circular furnace of the arc type consisting of a steel shell 
about 7 }/% ft. in diameter and 6 ft. high, the bottom lined with 
carbon. This shell, constituting the sides of the furnace, is 
water-cooled and requires no lining. The top of the furnace is 
open. The electrodes are suspended vertically into the furnace. 
As the mixture is fed in and fused, the ingot is gradually built 
up. When the furnace is filled, the power is shut off and the 
ingot allowed to cool and solidify. The product is a crystalline 
material analyzing about 96 per cent alumina. The impurities 



Fig. 190. — Another form of fused alumina furnace. ( Courtesy The Carborundum 

Company.) 


have for the most part been reduced and combined with the 
iron to form silicides of iron and titanium, useful as low-grade 
ferrosilicon. This alloy settles to the bottom of the furnace and 
is easily separated. 

The furnaces used by the Carborundum Company are shown in 
Fig. 190. They are mounted on trucks which travel on tracks 
so constructed that the furnace shell may be brought under 
electrodes. After formation of the ingot, the entire furnace may 
be removed and transported to other portions of the plant, where 
the ingot is taken out of the furnace and broken up. 

When the crude abrasive leaves the furnace room, it is delivered 
to the crushing plant for conversion into abrasive grains and 
powders. It is crushed through heavy rolls and then subjected 
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to refining by washing, chemical treatment, and magnetic 
concentration to remove impurities. 

The fused alumina abrasives are not radically different from 
natural corundum, save in their physical structure. The artificial 
products show the crystals bound together by a thin matrix of 
impurities. This condition results in a higher degree of hardness, 
toughness, and uniformity than shown by the natural product. 

Boron Carbide. — R. R. Ridgway 6 described the manufacture 
of boron carbide, B 4 C. The manufacturing process is similar to 
that for SiC, the raw materials being dehydrated commercial 



Fig. 191. — Resistance-type electric furnace used in producing boron carbide. 
( Courtesy The Norton Company.) 


boric acid, B 2 O 3 , and high purity coke. These arc reacted at 
2500 to 2600°C. in a resistance-type furnace. The innermost 
zone melts, forming the carbide. Mixed charges or else residues 
from previous furnace runs are piled between electrodes with 
retaining walls serving as the sides of the furnace. The furnace 
construction is similar to that employed for SiC, as shown in 
Fig. 191. 

Crystalline B 4 C does not distill at high temperatures, inasmuch 
as it has a very low vapor pressure. The intrinsic hardness of 
B 4 C is greater than that of SiC, being intermediate between this 
material and the diamond. The material is inert in all solutions 


5 Trans. Electrochem. Soc 66, 117 (1934). 
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of acids and alkalies, both concentrated and dilute. A typical 
furnace product will have a composition of 97 per cent B 4 C, a 
trace of free graphite, 2 per cent of boron either in the free form 
or as borides, 0.4 per cent iron, 0.2 per cent aluminum, 0.3 per 
cent silicon, and 0.1 per cent calcium and magnesium. The most 
prominent crystalline form is the rhombohedron. 

Graphite. — The original observation that graphite could be 
produced in the electric furnace was made as a development of 



Fig. 192. — Modern graphite furnaces. The furnace in front has been 
unloaded. The furnace in the rear has been loaded, while of the two in between, 
one is on power and the other has finished the heating cycle and is cooling. 
( Courtesy International Graphite & Electrode Corporation.') 

Acheson’s earlier discovery of the method of manufacture of SiC. 
In studying the effect of very high temperatures on SiC, it *was 
found that the material decomposed at 2200 to 2250°C., the 
silicon being vaporized and carbon being left behind, not in an 
amorphous, but in a graphitic form. Eventually a method was 
developed for making graphite from anthracite coal. 

Graphite is made in an electric resistance furnace such as shown 
in Fig. 192. The furnace may be considered as a rectangular 
box built of refractories, through the two ends of which electrodes 
are introduced. The side walls are formed either of refractory 


536 


ELECTROTHERMICS 


brick laid in place without a bond, or else of concrete blocks. 
The busbars for the current rise through the floor and are con- 
nected directly to the electrode heads, connection being broken 
at these points when the furnace is off power. Single-phase a.c. 
is used. Control of the furnace is obtained by regulation of 
current and voltage or total power input per unit of time. Tem- 
peratures of 2200° C. or better are reached in the furnace. Fur- 
nace operation differs as to whether previously formed objects 
such as electrodes or plates are being graphitized, or whether 
loose graphite or powders are being produced. In the former 
case the shaped objects are packed in the furnace between the 
electrodes as closely as possible, and the spaces between them are 
filled with finely ground carbonaceous material termed 11 packing 
dust.” Thick layers of this on the top and sides of the furnace 
serve as thermal insulators. 

The theory of the production of graphite is that carbides are 
formed by reaction of the amorphous carbon and the metallic and 
siliceous oxides present as impurities. The furnace, however, 
soon reaches the temperatures at which these carbides are decom- 
posed, distilling off the metals and metalloids, leaving graphite 
behind as a result of the decomposition. The packing-material 
layers serve as a cold blanket in which the metallic and siliceous 
vapors condense, re-forming carbides to some extent in the layers 
nearer the center of the furnace and oxidizing them in the cooler 
outer portions. It can be seen then that relatively impure 
material might be used in the manufacture of very pure graphite 
electrodes, inasmuch as nearly all the contamination is volatilized. 
The advisability of so doing is questionable, as the volatilization 
of large amounts of impurities would eventually impart a very 
high degree of porosity to the electrodes. 

In the manufacture of graphite powders the same type of fur- 
nace is used, but the raw material is ordinarily anthracite coal, 
petroleum coke, or sometimes even coal waste or culm. The 
material is crushed fine and loaded in bulk into the furnace. 
On the passage of the current, innumerable small arcs are formed 
between adjacent particles. The mass becomes incandescent 
and is allowed to remain so until all the impurities have been 
vaporized, the length of time required depending upon the purity 
of the raw material. 

It is a natural assumption that the higher the carbon content 
of the charge the greater will be the amount of graphite obtained. 
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This would be the case provided the carbon were altered directly 
to graphite. Such alteration, however, does not take place in 
actual practice. What actually occurs is an indirect alteration 
consisting in the dissociation of metallic carbides. Fitzgerald, 7 
writing in 1904, states that the quantity of graphite obtained is 
considerably greater and a better product is secured when a 
coal is used that contains a large amount of foreign mineral 
substance. There is considerable doubt that, under the present- 
day practice, the quantity of ash present in the raw materials 
has the influence on the quantity of graphite obtained, as here 
stated. No matter what the ash content of the raw material — 
and all practical raw' materials contain some ash — the process is 
so conducted that the carbon is converted completely into 
graphite. There is no question of a mixture of graphite and 
nongraphitic carbon in the finished product; it is all graphite. 
The amount of ash in the raw material does, however, influence 
the physical properties of the finished graphite. Acheson’s 
experiments showed that a relatively small amount of the carbide- 
forming materials can bring about a conversion of a large quan- 
tity of carbon into graphite. This amount is much less than that 
theoretically required. An anthracite coal containing 5.78 per 
cent ash, which ash is largely silica, alumina, and iron oxide, is 
converted into practically pure graphite containing only 0.03 per 


Table LXV 


Amorphous carbons 

Graphitized carbons 

Apparent density 

Resistivity (ohms 
per inch cube) 

Apparent density 

Resistivity (ohms 
per inch cube) 

1.53 

0.00172 

1.58 

0.00056 

1.56 

0.00158 

1.62 

0.00057 

1.56 

0.00161 

1 . 65 

0.00051 

1.52 

0.00170 

1.64 

0.00047 

1.57 

0.00162 

1.65 

0.00042 

1.54 

0.00146 

1.65 

0.00046 

1.57 

0.00131 

1.64 

; 0 . 00035 


cent ash. Table LXV shows the changes resulting in amor- 
phous carbons first baked in gas-fired furnaces and then graphi- 
tized. The apparent density is considerably increased, and the 
resistivity markedly decreased. 

7 “ Kunstlicher Graphit,” Wilhelm Knapp, Hallo. 1904. 
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Table LXYI gives figures for ash, silicon, iron, and copper on 
certain green electrodes which were first converted into amor- 
phous carbons and later graphitized. The ash content of the 
green electrode has increased when found in the baked electrode, 
inasmuch as in baking only the binder is removed and none of the 
ash constituent volatilized; but inasmuch as in graphitizing the 
ash constituents are volatilized, the ash content is shown to be 
markedly decreased in the graphitized electrode. 

The physical properties of the graphites produced, their 
color, consistency, luster, hardness, etc., depend upon the raw 
materials, the rate and length of heating, and manner of cooling. 
Anthracite coal produces graphites which are variable in charae- 


Table LXVI 


Electrode type 

Ash, 

per 

cent 

Total j 
ash 

removed, 
per cent 

Si, 

Per 

cent 

Total 

Si 

removed, 
per cent 

Fe, 

per 

cent 

Total 

Fe 

removed, 
per cent 

Cu, 

per 

cent 

Total 

Cu 

removed, 
per cent 

1. Green electrode 

9.89 


0.20 


0.12 


0.38 


1. Amorphous baked car- 
bon 

1. Graphitized electrode . . 

10.72 

0.83 

92.0 

0.23 

0.03 

85.0 

0.19 

0.03 

^ 75.0 

0.33 

0.03 

92.0 

2. Green electrode 

7.79 


0.00 


0.08 


0.18 


2. Amorphous baked car- 
bon 

2. Graphitized electrode . . 

7.92 

0.89 

88.3 

0.20 

0.02 

GO. 4 

0.17 

0.02 

75.0 

0.20 

0.04 

77.5 


ter, depending upon the grade of coal used. Some are soft and 
lustrous, others hard and dull. The specific gravities range 
from 2.20 to 2.25. For the best quality of lubricating graphites, 
petroleum coke low in ash content is used. The material is 
treated with particular care. 

The manufacture of graphite electrodes, plates, and other 
forms is really a branch of the carbon electrode industry, 8 which is 
discussed under materials of construction. Some operating data 
in graphite production are given in Table LX VII. 

Fused Quartz. — Clear fused quartz is made 1 in the electric 
furnace from water-clear quartz crystals of the highest quality. 
The raw material is washed in acids, broken up, and the pieces 
for treatment carefully selected. There are two distinct steps in 
the preparation of tubes, rods, ribbons, and sticks. The clean 

8 Mantell, “Industrial Carbon,” D. Van Nostrand Company, Inc., 
Now York, 1928. 
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quartz crystals of various sizes are packed as densely as possible 
into a graphite or carbon crucible, so that, during the cracking of 
the crystals as the result of heating, the parts cannot separate and 
allow small amounts of gas to enter the many crevices, giving 
rise to bubbles. The crucibles are placed in a modified vacuum 
furnace in which the temperature is raised as quickly as possible 
to the melting point of the quartz. The pressure in the furnace 
Table LXVII. — Graphite Production- 


Raw materials Low ash anthracite or 

petroleum coke 

Furnace : 

Type Resistance 

Size 1,000 hp. 

Length 30ft. 

Cross section of charge 2 ft. diameter 

Walls Refractory brick or 

concrete blocks 

Initial voltage 200 

Final voltage 80 

Maximum current at 200 volts 3,700 amp. 

Final current 9,000 amp. 

Current density across furnace charge, amp. per sq. ft. 900 to 2,250 

Furnace temperature, °C 2200 

Length of run 24 hr. 

Percentage conversion of material into graphite 90 to 100 

Energy consumption, kw.-hr. per lb 1.5 

Energy efficiency 25 to 30 per cent 

is maintained at as low a value as possible. The fusion of quartz 
in vacuum requires 3 to 8 kw.-hr. per lb. The volatilization 


loss of the material is negligible. The product of this fusion is a 
clear transparent slug containing comparatively few bubbles. 
Inasmuch as these were formed at a temperature of around 
1800°C., the pressure of the gas inside of them at room tempera- 
ture is very low. The slug is placed in another graphite crucible 
suspended in a vertical carbon-tube furnace in which a graphite 
piston just fitting the crucible presses down on top of the fused 
quartz slug. A weight is placed on top of a plunger attached to 
the piston, the slugs are again brought to the melting point, the 
bubbles are largely collapsed, and by the action of the weight the 
quartz is extruded in various forms such as rods, tubes, or ribbon. 
This material is practically free from bubbles, but because of 
limiting dimensions it may become necessary to rework some of 
it by the usual blowtorch methods. 



540 


ELECTRO THERM 1 CS 


Large blocks free from bubbles are made from pure quartz 
which is fused in a vacuum furnace designed to stand very high 
pressures. As soon as the material is fused, the vacuum valve is 
closed, the pressure in the furnace is brought up very rapidly to a 
sufficiently high point, depending upon the object being made, so 
that the bubbles are collapsed. It is thus possible to make large 
quartz blocks freer from bubbles than many kinds of the best 



Fig. 193. — Rough cylinder of pressure quartz 7 in. high as it comes from the 
furnace. ( Courtesy General Electric Company.) 

optical glass. A typical furnace product is shown in Fig. 193. 
Furnaces employed are of the resistor type. Because of their 
relatively large size, they involve many special features of 
construction. 

Fused Silica. — Fused silica ware is prepared as the result of 
the fusion of pure silver sand (99.5 per cent Si0 2 ) by electric 
resistance methods, with carbon rod or plate resistors embedded 
in the sand. The melting point of silica is 1800 to 1900°C., 
but it must be heated to about 2000° before it is fluid enough 
to be worked, at which temperature it has a high vapor pressure. 
Carbon and silica begin to give siloxicon at 1540° and SiC at 
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1820°, so that there may be complicating side reactions. It 

would appear that as the result of the small area of contact 

between the carbon and silica, the action is localized and a thin, 

dense, protective layer of siloxicon or SiC probably forms on the 

resistors. After enough sand has been melted, the resistor is 

withdrawn and, by utilizing the hole left in the interior of the melt 

the mass is blown out and molded to the desired shape. This is 

generally done by compressed air, and the articles are fabricated 

by modified glass-working methods. In the manufacture of 

tubing, the resistor sometimes consists 

of a perforated carbon tube. When ~===^ j | 

the fusion is completed, the tube is [||i i 

not taken out but compressed air is jjjT] 

forced into its interior and the mass 

blown into a mold. The crude articles 

thus fashioned are subsequently 1: 

trimmed and polished by the use of the 

oxy hydrogen or oxyilluminating gas 3 

flame, the sand blast, and various abra- Sulphur Bj j Sulphur 

sives. Oxyacetylene gives too hot a 

flame. Silica shows an appreciable £ 

vapor pressure even as low as 1700°C. |x 

Carbon Bisulphide. — Although the Ubffi flTj 

major production of CS 2 is the result of 

the retort process in which the retorts 

are externally heated, considerable Fig. 194. — Carbon bisui- 
amounts are made electrothermally. phide furnace. 

The furnace employed is of special construction, of the resistance 
type shown diagrammatically in Fig. 194. It consists of a 
circular hearth, through the sides of -which four electrodes placed 
horizontally and symmetrically around the hearth are located. 
Between the ends of the electrodes are pieces of coke or charcoal, 
serving as resistors. On top of the hearth is a vertical shaft, 
through the top of which charcoal is fed. Sulphur enters the 
hearth through channels in the walls of the hearth and of the 
shaft. At the operating temperature of the furnace the charcoal 
reacts with the vaporized sulphur to form CS 2 which passes up 
through the shaft and out through a side-arm outlet to condensers 
in which it is collected. The furnace is fed with two-phase a.c., 
the phase currents generally passing between opposite electrodes. 
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It is possible to cause them to pass between adjacent electrodes. 
Furnace sizes are 240 to 330 kw. at 60 volts and 4,000 
amp. The energy consumption is 0.4 to 0.5 kw.-hr. per lb. The 
thermal efficiency of the process is about 42 per cent. Con- 
trol of the furnace is obtained by voltage regulation and rate 
of feed of the charcoal and the sulphur. To a certain extent the 
sulphur automatically regulates the furnace, in that, when the 
hearth becomes too hot, the sulphur in the side-wall feed chan- 



Fig. 195. — Hydrators and precipitators for forming H3PO4 and preventing its 
loss. ( Courtesy Federal Phosphorus Company.') 


nels melts rapidly, enters the hearth, rises above the level of the 
electrodes, and, being a nonconductor, decreases the current. 
Each electrode is a bundle 4 ft. long and 20 in. square in cross 
section. They are arranged so that they are 12 in. apart in the 
middle of the furnace. 

Phosphoric Acid. — Large quantities of H 3 P0 4 are made by 
electric-furnace smelting of a mixture of phosphate rock, siliceous 
flux, and carbonaceous reducing agent. 9 The operation is con- 
tinuous, in that the smelting mixture, properly proportioned 
according to the analysis of the constituent materials, is con- 

9 Klugh, Some Considerations in Electrothermal Production of Phos- 
phoric Acid, Chem. & Met. Eng., 36, 666 (1929). 
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tinuously fed into the furnace, while the slag and metal (ferro- 
phosphorus formed from the iron in the raw materials) are 
tapped out periodically. Phosphorus is reduced from the oxides 
(in * complex combination) in the phosphate rock. The phos- 
phorus vapor with the CO produced in the reaction passes up 
through the interstices of the smelting charge to the top of the 
furnace, where these gases are burned with oxygen (from air 
admitted under controlled conditions) to form P 2 Os and CO 2 . 
The furnace is totally enclosed. The temperature of the result- 



Fig. 196. — Schematic cross section of electric phosphate furnace. ( Courtesy 
Chemical and Metallurgical Engineering .) 


ing combustion products ranges from 1500 to 1700°C. The 
gases pass through mains and cooling equipment, after which, 
at the proper degree of cooling and velocity of gases, the P2O5 
is hydrated to H3PO4 by means of an atomizing water spray. 
A portion of the concentrated H3PO4 thus formed is collected 
in the hydrating and cooling towers, but the major amount is 
recovered in Cottrell precipitators. The collected acid is about 
85 per cent H 3 P0 4 , water white, with small amounts of lead, 
arsenic, and S0 2 . The energy requirement is 2.2 to 2.3 kw.-hr. 
per lb. P2O5. 

The furnace reactions are given as 


(CaO) 3 P a O* + 5C 4- 2SiO a = P s + 5CO + (Ca0) 3 (Si0 2 )*> 
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At the present time furnaces 
are built up to 5,000 kw. in- 
put, but units twice this size 
are projected. The precipi- 
tators built of carbon blocks 
are shown in Fig. 195. The 
furnaces are of the vertical-arc 
type with carbon electrodes at 
the top. A diagrammatic 
sketch of the furnace which 
is used for both phosphoric 
acid and phosphorus is given 
in Fig. 196. Details of the 
commercial design of the fur- 
nace were given by Curtis and 
Heaton. 10 Tables LXVIII 
and LXIX include operating 
details given by Curtis. 11 

Gases issuing from the elec- 
tric furnace are essentially 10 
parts CO and 1 part phos- 
phorus vapor. The heat of 
combustion of the gas is divid- 
ed about equally between 
the CO and the phosphorus. 
The dew point of the phos- 
phorus in the gas mixture is 
approximately 392°F., so that 
phosphorus may be condensed 
out and CO recovered. A 
typical manufacturing flow 
sheet for the electric furnace 
process for phosphoric acid is 
shown in Fig. 197. 

Phosphorus . — Phosphorus 
is produced electrothermally 
from bone ash, phosphate 

10 Chem. <fc Met. Eng., 45, 536 
(1938). 

11 Chem. & Met. Eng., 42, 320 
(1935). 
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Table LXVIII. — Manufacture of Phosphoric Acid 


Raw material Phosphate rock, silica, coke 

Furnace : 


Shape 

Rectangular 

Cylindrical 

Dimensions, inside. 

9 ft. 8 in. X 

15 ft. 4 in. 


19 ft. 3 in. 

max. diam. 

Maximum depth 

8 ft. 


Lining 

Carbon blocks 

Carbon blocks 

Size 

6,000 kw. 

6,000 kw. 

Capacity, tons P per day . 

10 


Electrodes : 

Number 

Size 

30 in. diam. 

30 in. diam. 

Spacing 

5 ft. 9 in. 

Corners of triangle 
5 ft. 9 in. sides 

Feed 

Continuous 

Continuous 

C.d. per square inch cross section. 

26-27 

26-27 

Method of feeding furnace 

Hoppers around 

Hoppers around 


electrodes 

electrodes 

Exit temperature of gases, degrees 

Fahrenheit 

450 


Slag tapping 

Continuous 

Continuous 

Power consumption : 

Kilowatt-hours per ton P 2 0&. . . . 

4,800 


Kilowatt-hours per pound P2O5. . 

2.2-2. 3 


Pounds P 2 0e per kilowatt-hour. . 

0.43-0.45 



Table LXIX. — Composition of Raw Materials in Phosphoric Acid 

Manufacture 


Constituent 

Brown rock, 

White rock, 

Silica 

per cent 

per cent 

per cent 

p 2 o 5 

33.1 

31.3 


CaO 

44.6 

45.4 


SiO. 

5.0 

10.2 

95.0 

FeaOs 

3.3 

1.8 


ai 2 o 3 

3.4 

1.8 


co 2 

1.1 

2.6 


F 

3.4 

3.3 


Moisture. . 

1.5 

0. 1 



Coke, per cent 



Volatile matter . 



1.9 

Fixed carbon . . . 



84.3 

Ash 

Charge, pounds 


13.8 

Brown rock . 



2,000 

Silica 



718 

Coke 



324 
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rock, or crude phosphoric acids with a siliceous slag and 
a carbonaceous reducing agent. One form of furnace con- 
sists of a large gastight refractory-lined iron cylinder containing 
two large carbon electrodes (entering through the shell) , 
between which the arc passes. Such a furnace is shown in 
Fig. 198. The charge is heated by radiation. 
Phosphorus distills off and is collected under 
water in condensing equipment. The slags 
are drawn off intermittently. Charging of the 
furnace is a continuous operation. Phos- 
phorus recovery is usually of the order of 80 
to 90 per cent, more favorable results being 
obtained with low iron content of the charge. 
Reaction between the bone ash or phosphate 
rock and the carbon begins at 1150° and is 
complete at 1450°C. Present-day furnaces 
are 10,000 kw. in size. The raw materials 
are the same as for phosphoric acid, and the furnaces are of the 
same type. The phosphorus is condensed, stored, and shipped in 
tank cars under water. From the economic viewpoint shipment 
as elemental phosphorus is more economical than transportation 
in the form of H 3 P0 4 or phosphates. 



Fig. 198. — Ver- 
tical section of phos- 
phorus furnace. 


Table LXX. — Volatile Products op the Electric Furnace 


Operation details 


Phosphorus 


CS 2 


Raw materials. Bone ash or phosphate Charcoal, sulphur 

rock, coal, and Si0 2 

Furnace: 

Type Arc, carbon lining, Resistance, 2 phase 

vertical electrode I a.c., shaft feed 

Capacity ! 240-330 kw. 

Current ! 4,000—6,000 amp. 

Voltage j 60 

Temperature, deg. C j 1150-1450 

Production per 24 hr i 14,000 lb. 

Energy consumption, kw.-hr.j 

per lb ! 4. 0-5. 5 0.4-0. 5 

Thermal efficiency ; 30-45% 


Percentage P recovered 


80-90 
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CHAPTER XXV 


ELECTRICAL DISCHARGES IN GASES 

The electrochemistry of gases is complicated by difficulties 
which do not arise in electrolysis. Although it is questionable 
that this phase of the subject will ever be as fruitful as the electro- 
chemistry of liquids, there have been many developments of 
considerable importance in recent years, particularly in relation 
to gaseous reactions which take place under the influence of 
ionization. 

Ionization of Gases. — In the normal state gases are among the 
best insulators of electricity. In air at ordinary pressure a 
potential difference of several thousand volts is required to 
produce a spark 1 cm. in length. Gases may be rendered 
partially conducting by the action of agents such as cathode 
rays, the a , /3, and y radiation emitted by radioactive substances, 
certain chemical reactions, high temperatures, and the action of 
the photoelectric effect of short wave-length radiation. Factors 
such as these are termed “ ionizing agents.” 

The conductance of electricity by gases is assumed to be due 
to the breaking up of the gas into positively and negatively 
charged particles which, by analogy to the carriers of electricity 
in electrolytic conductance, are called “gaseous ions.” In 
accordance with the electron theory of the structure of matter, 
gaseous ions consist of atoms or molecules which have gained or 
lost one or more electrons, or of electrons themselves. 

Electrical Discharges through Gases. — The character of an 
electrical discharge through a gas varies markedly with the gas 
pressure. With decreases in pressure the spark broadens out 
with the assumption of a brush-like appearance and a bluish 
color. At pressures as low as 0.5 mm. the gas becomes luminous, 
showing a series of transverse flickering bands or lines. Rays 
can be observed moving in straight lines from the cathode if 
the pressure be very low. These have been termed “cathode 
rays” and were shown by J. J. Thomson to consist of electrons, 
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each with a mass of 9.0 X 10" 2S g. and a charge of 4.7 X 10“ 10 
electrostatic units. The electron is regarded as an atom of 
electricity. 

If a potential difference exist between two parallel plates 
set in a gas which is influenced by an ionizing agent, a flow of 
electric current between the plates will result. The negative 
ions, under the influence of the electric field between the plates, 
will move to the positive plate and the positive ions to the nega- 
tive plate. With a weak electric field the mutual attraction 
of the ions will cause a number of them to recombine before reach- 
ing the plate. The resulting current is then small. The stronger 
the field the greater will be the current strength until the so-called 
“ saturation current” is reached, when all the ions formed arrive 
at the plates. 

Inasmuch as cosmic rays cause some ionization of molecules 
of matter, any space containing matter shows electrical conduc- 
tivity when considered in the absolute and not in the relative sense. 
This conductivity may be determined by mechanisms sensitive 
enough to measure the current flowing between two conducting 
surfaces and its relation to the applied voltage. 

Yery small currents may be caused to pass through the gas 
between electrodes. If the voltage between electrodes be raised, 
the potential gradient along the path which the ions take will 
become steeper, and the velocity of the ions will increase. Col- 
lisions between ions and neutral molecules are constantly 
occurring. With a sufficiently high potential gradient we may 
obtain ionization by impact with increased conductivity of the 
gas. Probably the earliest chemical reaction effects due to 
electrical discharges were observed in connection with the odors 
of ozone and oxides of nitrogen formed by flashes of lightning 
which caused intense ionization. 

The self-sustained electrical discharge readily lends itself to 
ionization studies as well as to the effect, on chemical reactions 
with attendant phenomena of light production. The glow dis- 
charge, the silent electrical discharge, and the electrodeless 
discharge or corona will be discussed. Arc phenomena with 
particular reference to electric furnaces have been discussed 
earlier in this volume. 

Consider a glass tube as in Fig. 199 with neon at a pressure of 
5 mm. mercury. When 100 volts or so are applied to the tube, a 
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very small current will flow. Natural ionization of the gas 
produces sufficient conductance. When the voltage is increased, 
a point is reached when the tube becomes luminous and a 
relatively large current will flow. Such a device is the basis of 
the widely used neon signs for lighting and advertising display. 
The luminosity is not uniform under certain conditions and dark 
regions exist. The glow discharge has been divided in accordance 
with Fig. 199. At the cathode, electrons are liberated, probably 
to the greatest extent by bombardment of positively charged 
ions. As the electrons pass through the field around the cathode, 
they gain kinetic energy and can impact molecules and set free 
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Fig. 199. — Self-sustained glow or luminous discharge. 


more positive ions, which in turn liberate more electrons when 
they discharge at the cathode. The Aston gas space is located 
where the electrons leaving the cathode gather speed and then 
excite the gas to luminosity, resulting in the cathode glow. 

Most of the excitations which have been studied reach a peak 
as a function of certain electi’on velocities; increased speeds 
cause less excitation and less radiation, as shown by the Crookes 
or cathode dark space. But the electrons have reached velocity 
and energy levels so that they may ionize the gas and cause 
secondary electrons, which in turn gather enough energy to 
excite other molecules and cause another luminous band, the 
negative glow. In this section the potential or voltage is, for 
all practical purposes, constant, but a large drop in potential 
takes place in the preceding Crookes dark space. This potential 
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drop is that of the metal-gas electrode system and varies with 
the distance from the cathode. Beyond the negative glow, the 
electrons no longer are able to resonate, and the Faraday dark 
space appears. This will extend almost to the anode if there 
are no confining walls. The electrons must acquire sufficient 
speed to reach the anode and are thus able to cause luminescence 
in the form of the anode glow. With enclosing walls the electrons 
attain velocities high enough to cause excitation and ionization 
which results in the positive column luminous area. 



Fig. 200. — Seat of ammonia synthesis in glow discharge. 


Electron impacts as ionizing forces introduce a number of 
possibilities in causing compound molecules to break up and to 
force simple molecules and ions to enter new combinations. 
The possibilities must be different in the various sections of the 
glow discharge. Electrons and molecules may simply bounce 
off each other and suffer only change of direction. Fast-moving 
electrons may hit molecules hard enough to form positive ions 
and slow-moving electrons, and the positive ions may cluster 
with molecules. In other cases fast-moving electrons may by 
impact raise neutral molecules to an excited state, the higher 
energy level being in turn reduced by radiation. 

Brewer and Westhaver 1 showed that the negative glow was 
the seat of greatest chemical action in ammonia synthesis and 

1 /. Rhys. Chem 34, 153 (1930). 
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that compound formation occurred only in the luminous dis- 
charge areas as indicated in Fig. 200. 

Application of glow phenomena has resulted in the commercial 
development of gaseous conduction lamps, based on the principles 
discussed above and well known in the form of the Geissler 
tube of the physicist. D. M. Moore 2 developed high-voltage 
nitrogen- and C0 2 -filled lamps. The low-voltage low-wattage 
neon lamp was an outgrowth of this work. 

The lamps are all glow tubes; but commonly, to obtain electron 
emergence readily, the cathodes are heated to emission tempera- 
ture by circuits which are adjuncts to those essentially of the 
discharge circuit. The colors produced are a function of the 
spectral emission of the excited gases in the tubes : red from pure 
neon, greenish blue from mercury, blue from mercury and neon 
combinations; as well as modifications produced by the color of 
the tube itself: yellow from sodium, etc. 

Sodium lamps contain no vapor, as the sodium is solid when 
cold. Neon is commonly used as a filler at 2 to 5 mm. mercury. 
Auxiliary heating vaporizes the sodium, which vapor serves as the 
gaseous conductor. Buttolph 3 outlined electrode design and 
operation and the effects of glass, bulbs, vapors, and other factors 
in gaseous conduction lamps. Werfhorst 4 stated that in sodium- 
vapor lamps borosilieate glass was necessary to withstand the 
corrosive action of sodium. Automatic ignition is accom- 
plished by the use of small amounts of neon and a heated cathode 
of the oxide-coated type. 

Silent Electrical Discharge. — In contrast to the luminous dis- 
charge, other forms operate at higher pressures. These forms 
include the point discharge, the silent electrical discharges as 
produced in ozonizers, and the corona. In the point-plate type 
of discharge, when the points are negative and serve as cathodes, 
the usual cathode dark space and negative glow are developed. 
At ordinary pressures these are so small in magnitude that they 
are visible only when magnified. Glockler and Lind 5 reviewed 

2 Trans. Ilium. Eng. Soc., 15, 209 (1910). 

3 Trans. Electrochem. Soc., 65, 143 (1934). 

4 Trans. Electrochem. Soc., 65, 157 (1934). 

5 “The Electrochemistry of Gases and Other Dielectrics , ” John Wiley 
Sons, Inc., New York, 1939. 
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ozone production by this discharge, and Moeller 6 and Rideal 7 
outlined the theoretical and practical aspects of the subject. 

Ozone.— Ozone is formed from oxygen according to the reac- 
tion 30 2 — -» 20 3 — 68,200 Cal. At ordinary temperatures it is a 
strong smelling gas with powerful oxidizing and bactericidal 
properties. It finds application in water purification, deodoriz- 
ing, refreshing of air, and oxidizing and bleaching. The con- 
centrations used are 0.01 p.p.m. for ventilation, 0.05 p.p.m. in 
the destruction of moderate odors, 0.1 p.p.m. in the removal of 
pronounced odors, 0.5 p.p.m. for the prevention of bacterial and 
fungi growths, and 10.0 p.p.m. for disinfecting and deodorizing 
over a very short period of time. The proportion of ozone in the 
equilibrium mixture with oxygen is very low, but increases as the 
temperature rises. At 1300°C. it is 0.1 per cent, at 2000° 1 per 
cent, at 4500° about 10 per cent. It is possible to produce ozone 
by heating oxygen to a very high temperature and suddenly 
cooling it. Rapid decomposition causes low concentrations. 
Ozone is produced photoch'emically by ultraviolet light of 120 
to 180 mjj . , but commercial sources of ultraviolet light do not 
afford efficient ozone production, since light of greater wave 
length (300 to 330 m p) exerts a decomposing effect on ozone and 
ultraviolet lamps are richer in these longer waves than they are 
in the shorter. 

The use of the silent electric discharge at room temperature 
allows the production of ozone until a definite electrical equilib- 
rium has been reached which corresponds to a thermal equi- 
librium at a higher temperature. Thus appreciable ozone 
concentration may be produced. 

Ozonizer designs avoid conditions which will produce more than 
one type of electric discharge. Edge discharges are very critical 
of voltage and should be avoided in high-concentration ozonizers. 
In the production of ozone by the silent discharge, an equilibrium 
is reached dependent upon conditions such as pressure ; tempera- 
ture; moisture content of the air or oxygen; shape, size, distance 
apart, finish, and age of the electrodes; types of current, whether 
a.c. or d.c. and, if a.c., its frequency and wave form. 

As the degree of ionization in an ozone generator is intense, 
dust and vapor present in the air passed through will become 

6 “Das Ozon,” F. Vievvcg und Sohn, Brunswick, 1921. 

7 “Ozone,” D. Van Nostrand Company, Inc., New York, 1920. 
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charged and deposited on the electrodes. Myriad minute points, 
from which sparking discharges take place, will form. These in 
turn produce oxides of nitrogen that become absorbed by the 
deposited water and are ultimately oxidized to HNO3, which 
in turn attacks the metallic parts of the generator. The presence 
of both sparking discharges and oxides of nitrogen reduces the 
ozone yield. 

An ozone generator is an energy converter. It converts 
electric into chemical energy. Its output in chemical energy 
is a function of its input in electrical energy, together with the 
rate at which air is supplied to. the discharge. This latter 
consideration becomes essential through the existence of “limit- 
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Fio. 201. — Air-flow output, air-flow concentration, energy-input yield curves. 


ing yields” which are progressively displaced directly as the air 
flow, up to the point of equilibrium. 

With increasing air flow the concentration decreases with 
increasing yields. This is illustrated by the curves in Fig. 201. 
Beyond the 30-liter ordinate, the extra cost of drying the addi- 
tional air so offsets the value of the increase in yield as to make it 
uneconomical to attempt to realize the full value of the curve. 

Commercial Forms of Ozonizers. — Commercial ozonizers are 
equipped with air filters and dehydrators for purification of the 
air. In large units moisture may be removed by refrigeration. 
Commercial designs of ozonizers differ in details such as the 
number, nature, and arrangement of the dielectric plates; type 
of cooling; the shape, size, and location of electrodes; as well 
as external electrical equipment. They may be divided into 
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three classes: the discharge taking place through the path 
(1) metal-dielectric-air gap-metal; (2) metal-dielectric-air gap- 
dielectric-metal; and (3) -metal-air gap-dielectric-air gap-metal. 

The Siemens and Halske ozonizer consists of an iron box 
provided with glass windows. A number of vertical glass 
cylinders coated on the outside with metal pass upward through 
the bottom of the box. They serve as one set of electrodes, 
the others being cylinders of sheet aluminum set concentrically 
inside these boxes. Water is run through the iron box to cool 
the apparatus. The voltages applied range from 7,000 to 12,000. 
Production is at the rate of 50 g. of ozone per kilowatt-hour at 
a concentration of 2.5 g. per m. 3 when 500-cycle current is 
used. The yields are considerably lower when 60-cycle trans- 
formers are employed. The Yosmaer ozonizer is of the grid 
type in which the grid, both frame and crosspieces, consist of a 
single metal casting. Both sides of the crosspieces are covered 
with a glass dielectric. Electrodes are suspended in the middle 
of the different sectors, being insulated from the frame. They 
present knife-edges to the dielectric surfaces. Applied voltages 
are about 10,000 at a production of 50 g. of ozone per kilowatt- 
hour and a concentration of 1 gram per m. 3 The unit sizes are 
100 to 1,000 watts. 

The Abraham-Marmier has plane-surface electrodes with a 
layer of glass dielectric on either side. The electrodes are 
arranged in a parallel row inside a box. Por water cooling, the 
electrodes are made in the form of metal boxes through which 
the water passes. To avoid short-circuiting, the flow is not 
continuous but is interrupted. Air is introduced by a tube 
passing through the metal of the ozonizer and the electrode 
system, being provided with holes at points corresponding with 
the air gaps between the plates. 

The United States Ozone Company ozonizer has a cylindrical 
glass dielectric designed so that edge discharges are eliminated, 
with an aluminum cylinder enclosing the dielectric and forming 
an annular space with it. The units are operated at an energy 
density of 0.5 watt per sq. in. of active electrode surface. The 
aluminum cylinder has cast endpieces carrying inlet and outlet 
ports. It acts as one electrode. The other consists of a metallic 
sheet deposited upon the walls of the dielectric tube. The units 
are mounted vertically. 
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From the heat of reaction, the theoretical energy for the pro- 
duction of one gram mol of ozone from oxygen corresponds to a 
theoretical formation of 1,200 g. ozone per kilowatt-hour. Even 
when operated at low concentrations, commercial ozonizers show 
energy efficiencies of the order of 5 to 15 per cent. 

Corona Discharge. — The corona or crown discharge observed 
near highly charged wires or high-voltage lines is another manifes- 
tation of the same cause as the discharge near a point. The 
electric field is high near the electrode of high curvature (as a 
point or projection or rough section). Ionization results and a 
self-sustaining discharge with luminous sections is established. 
The chemical reactions obtained should be of the same nature 
as the point discharge. The corona discharge is of importance in 
“electrostatic precipitation. 77 

Electrostatic Precipitation. — The “precipitation 77 or removal 
of suspended particles from gases by electrical means is accom- 
plished through the use of a strong electric or so-called “static 77 
field. An electrically charged particle when in an electric field 
between two electrodes tends to move toward the negative 
electrode if the charge be positive and toward the positive 
electrode if negative. The suspended particles receive electric 
charges in two ways: (1) if the particles be suspended in gases 
which are “ionized, 77 they receive charges from the gases directly; 
(2) if the gases pass through an electric field, they receive charges 
by “induction. 77 

A strong electric field will cause ionization of a gas. The 
familiar corona discharge is evidence that this ionization is taking 
place. The gas molecules or what remains of them are charged 
positively and are called “positive ions 77 ; the negative electrons 
may remain free, or they may become attached to neutral mole- 
cules and so make up negative ions. The ions and electrons 
become attached to the suspended particles. The resulting 
agglomerates move across the electric field because of the force 
exerted by the field upon the unbalanced electric charges they 
carry. It is probable, however, that precipitation is more 
largely due to ionization of the gases than to induction. 

If, in apparatus for the electrical precipitation of suspended 
particles, one of the electrodes be filamentary or have sharp 
points or edges, and the other electrode have a smooth and 
extending surface, it is possible by impressing a high voltage 
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across the electrodes to obtain ionization of the gases and to cause 
any liquid or solid particles suspended therein to be precipitated 
upon the electrode with the smooth surface. An example of 
such apparatus is a smooth pipe having a fine wire held axially 
in but insulated from the pipe. The pipe is connected electrically 
to ground and the wire is connected to a source of high-tension 
current. The gases to be treated pass through the pipe, and 
as they pass between the discharge and collecting electrodes, 
they act as part of the electric circuit, the ions made in the gases 
acting as carriers of electricity from one electrode to the other. 

For electrical precipitation work, d.c. is found to give much 
better results than a.c. The best results are obtained when the 
ionizing or so-called discharge electrode is of negative polarity. 
By making the electric field around the ionizing electrode very 
intense, it is possible to keep particles from being deposited upon 
it; practically all the suspended material is deposited upon the 
smooth or collecting electrode which has an extended surface, 
the electric field adjacent to such surface being relatively weak. 

This characteristic of the particles to migrate toward the 
weakest part of the field may be explained in part by the phenom- 
enon commonly called “electric wind.” The molecules of the 
gases which have become ionized and the suspended particles 
to which electric charges are attached arc propelled rapidly 
through the gases by the force of the electric field. The move- 
ment of these particles and molecules has an aspirating effect 
upon adjacent gas molecules, setting them in motion, the direc- 
tion being from the strongest to the weakest part of the field. 
Charges of both positive and negative sign are present in the 
gases. They tend to move in opposite directions, but those 
which tend to move countercurrent to the electric wind have to 
overcome considerable resistance and are probably swept back 
or neutralized, especially if these charges are endeavoring to take 
suspended particles with them. By making the central electrode 
of negative polarity, the movement of the gases is set up by 
electrons and negative ions which have a higher velocity than 
positive ions. The results described above are then the most 
pronounced and satisfactory. 

In practice, a precipitator consists of a multiplicity of opposed 
electrode units, one group formed in such a manner as to facili- 
tate corona discharge, the other being of a type to minimize or 
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prevent discharge therefrom. The former are usually referred to 
as “discharge electrodes,” the latter as “collecting electrodes.” 
Discharge electrodes may consist of wires, chains, edged strips, 
serrated edges, or any form of conductor that will establish 
a sufficiently high potential gradient at or near its surface to 
cause corona discharge. Collecting electrodes may be pipes, 
plates, screens, closely grouped wires, or any other form or 
arrangement of conductors that will establish low field concen- 
tration and thus minimize or prevent corona discharge. 

The collecting-electrode system is ordinarily of much greater 
weight than the discharge system and is therefore electrically 
grounded. The discharge-electrode system is mounted upon 
insulators, being usually negatively charged with respect to 
ground. The potential difference maintained between electrodes 
is dependent upon their spacing, among other factors. In 
different installations it ranges from 20,000 to 100,000 volts. 
Unidirectional current is supplied by rectifying high-tension 
a.c. The precipitator has been given the name of “treater,” the 
type being designated by the form of collecting electrode used, 
as for example, pipe treater, plate treater, graded-resistance 
treater, etc. The principle of precipitation is the same in each 
case, the choice of treater depending upon circumstances dictated 
by engineering considerations. 

As the voltage is raised above the critical potential, a corona 
discharge is established. The gas adjacent to the discharge 
electrodes is ionized, and the resultant ions travel in the direction 
of either the collecting or the discharge electrode, depending on 
whether they be negative or positive. Those ions which leave 
the zone of ionization, however, travel to the collecting electrode 
where they give up their charge. Any suspended liquid or 
solid particles carried by the gas that passes between the elec- 
trodes will acquire a charge and be forced out of the gases to 
the electrodes. 

In practice a certain amount of precipitated material is 
always collected upon the discharge electrodes, but the ground 
collecting electrodes receive by far the greater portion of the 
precipitate. Liquid material brought to the electrode will flow 
off continuously. If the precipitated particles be solid, however, 
they are allowed to collect for a certain period, then are mechan- 
ically shaken off by knocking into hoppers placed beneath the 
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electrode system. These hoppers are then sent on to the point 
of utilization or disposal. 

The precipitator has found wide application in the metal- 
lurgical, cement, and chemical industries and in connection 
with blast furnaces in central power stations. The pioneer 
work and its reduction to engineering practice as regards equip- 
ment and construction were done by F. G. Cottrell, 8 and electro- 
static precipitators are commonly known as Cottrell precipitators. 

The phenomena of the glow discharge have been discussed. 
If the current-voltage relations be plotted for a pair of electrodes 
in a point-plate system, curves similar to Fig. 202 where the point 
is positive, and Fig. 203 where it is negative, will be obtained. 
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Current increases after the glow discharge has been established 
will cause discontinuity, and the sparking variety of brush 
discharge will take place at lowered voltage. Ionization of the 
gases between the electrodes has become greater and the poten- 
tial between the electrodes less, as the intervening space is a 
better conductor. Increasing the voltage now again causes 
current rises to a point of discontinuity when the high-voltage 
arc, with volatilization of the electrodes, sets in. Here the 
electrical characteristic is negative, that is, increasing currents 
are possible with lowered voltage. A further break occurs, and 
the stable low-voltage arc is established, of a variety common in 
electric furnaces. 

With point electrodes, as between pencils of carbon (omitting 
the crater effect), curves similar to Fig. 203 are obtained. 

8 J . Ind. Eng. Chem. f 3, 542 (1911); Smithsonian Inst. Pub., Ann. Rept. t 
p. 653, 1913. 
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Mobility of Gaseous Ions.— The velocity of a gaseous ion is a 
function of the strength of the electric field acting on it. For 
a specific gas under definite conditions of temperature and 
pressure, the velocities or mobilities, u and y , of the positive 
and negative ions, respectively, are 

u — kix 
y = k 2 x 


where x is the strength of the field and &i and k 2 are constants. 
The constant k is equal to one-half the product of the charge on 
the ion and the time required for the ion to describe its mean free 
path, divided by the mass of the ion. Table LXXI gives the 
values of relative mobilities of gaseous ions at ordinary tempera- 
tures and pressures. 


Table LXXI. — Relative Mobilities of Gaseous Ions 


Gas 

(+) 

&2 

(”) 

Hydrogen 

6.70 

7.95 

Air 

1.36 

1.87 

Carbon monoxide 

1.10 

1.14 

Carbon dioxide 1 

0.81 

0.85 

Sulphur dioxide 

0.44 

0.41 

Pentane 

0.35 

0.35 


The relative mobilities of the ions vary inversely as their 
molecular weights. In the lighter gases the negative ion has a 
higher mobility than the positive ion. The difference decreases 
in inverse proportion to the molecular weight, so that in the gases 
of higher molecular weight the ionic mobilities of the positive and 
negative ions are the same. The value of the constant k depends, 
among other factors, upon the time required by the ion to describe 
its mean free path, which in turn is in inverse proportion to the 
pressure of the gas. It follows that the product kp , if the nature 
of the ion does not change, will be independent of the pressure. 
With positive ions the value of this product does not change with 
decrease in pressure, thus indicating that this ion consists of a 
single charged atom or molecule. In the case of negative ions 
the value of kp increases rapidly as the pressure of the gas is 
decreased below 0.1 atmosphere. The negative ion thus becomes 
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smaller as the pressure of the gas is reduced. At low pressures 
the carriers of negative electricity are smaller than an atom or 
molecule. It follows that negative ions, formed by the union of 
electrons with neutral atoms or molecules, lose electrons at low 
pressures. 14 

Ionizing Potentials. — A current passing through partially 
ionized gas, above its saturation value, will increase as a result of 
increased ionization, which in turn is caused by collisions between 
electrons and neutral gaseous molecules. The velocity and 
energy of the electrons will vary directly with the strength of the 
electric field. With velocities of the order of 10 8 cm. per sec., 
a moving electron on colliding with a neutral molecule will com- 
pletely remove an outer electron, leaving the molecule positively 
charged. To accomplish this removal, the active electron passes 
through a potential drop termed the “ionizing potential” of the 
gas. It represents the work necessary to remove an electron from 
a molecule. The ionizing potential is not a perfectly definite 
quantity, because of its dependence upon the manner in which the 
work is done. 9 A gas may have several such potentials, repre- 
senting the removal of varying numbers of outer electrons. 

If the electron velocity be not sufficiently high to remove an 
electron entirely from a molecule of gas, the impact may at least 
displace one. This also involves a fall of potential, the minimum 
value of which is called the “resonance potential” of the gas. 
Each kind of atom will, of course, have many resonance potentials. 

A result of the displacement or removal of an electron from a 
gaseous molecule or atom is the appearance of spectral lines 
having definite wave lengths. From these the ionizing and 
resonance potentials E of a gas may be determined, using the 
equation 

^ eXIO* 

where c is the velocity of light, X is the wave length of the spectral 
line, and h is the quantum constant (7 X 10 -27 erg per sec.). The 
simple ionizing potentials of some of the gases are given in Table 
LXXII. 

9 Thomson, “The Electron in Chemistry,” p. 21, Franklin Institute, 
Philadelphia, 1923, 



ELECTRICAL DISCHARGES IN GASES 


563 


Table LXXII. — Ionizing Potentials of Gases 1 


Gas 

Ionizing 

potential, 

volts 

Gas 

Ionizing 

potential, 

volts 

Caesium 

3.877 

Zinc 

9.353 

Rubidium 

4. 158 

Iodine 

10.1 

Potassium 

4.321 

Mercury 

10.392 

Sodium 

5.116 

Arsenic 

11.5 

Lithium 

5.368 

Sulphur 

12.2 

Barium 

5.188 

Hydrogen 

13.3 

Strontium 

5.670 

Phosphorus 

13.3 

Calcium 

6.087 

Argon 

15.1 

Magnesium 

7.613 

Oxygen 

15.5 

Thallium 

7.3 

Nitrogen 

16.9 

Cadmium 

8.955 

Helium 

25.6 

i 





1 Foote and Mohlek, “ The Origin of Spectra,” Chemical Catalog Company, Inc., New 
York, 1922. 


Thermionic Emission.— If the temperature of a hot body be 
sufficiently high, the body will not hold an electric charge but will 
give off positive and negative ions, which, although really elec- 
trons or positively charged atoms, are termed “thermions.” The 
electric current from such a body is called a “thermionic current.” 
The temperature required for its production is a function of the 
type of body as well as the nature and pressure of the surrounding 
gas. For example, platinum in vacuum requires a temperature 
of about lOOO^C. to give an appreciable thermionic current, 
whereas a noticeable effect is produced at 300° with sodium. 
Again, comparing oxides with platinum at the same temperature, 
the current from the former is far the greater, being even 1,000 
times that of platinum in many cases. A rise of temperature 
causes a rapid increase in current. In vacuum, platinum at 1357° 
will produce a current of the order of 10~ s amp. per cm. 2 , although 
at 1500° the emission is nearly 100 times as great. 

Certain gases, especially hydrogen, have a stimulating effect 
upon thermionic emission. As an example, the current from 
platinum at 1350° is 2,500 times greater in an atmosphere of 
hydrogen at 0.0006 mm. mercury pressure than in vacuum. 

Thermionic discharge has found extensive application, by 
means of the audion or radiotube, in the amplification of currents 
set up in wireless receivers. 
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The gases issuing from a flame, as well as the flame itself, will 
conduct electricity. Suppose two pieces of metal to be placed in 
a Bunsen flame and one of them raised to a moderately high 
potential. A weak current which is practically independent of 
the distance between the two metals will flow. Conducting ions 
are present in gases of the flame. The strength of the discharge 
increases with the temperature of the flame and with the 
potential, showing no sign, however, of reaching saturation value. 
It will be found that the electric field is much stronger near the 
negative electrode than elsewhere in the flame. The resistance 
to the current, therefore, is largely centered at this point. 

The presence of salts, particularly those of the alkali metals, 
in the Bunsen flame strengthens the current, the amount depend- 
ing upon the nature of the metal of the salt. It is believed 10 that 
the salt, converted into metallic vapor, partially dissociates into 
metallic ions and electrons, thus causing the increased conduct- 
ance. According to Moreau , 11 the electrons where the electric 
field is strong collide with vaporized alkali-metal atoms, thus 
causing ionization. The most appreciable effect of the salt is 
obtained if the negative electrode be coated with it, inasmuch as 
the greatest resistance to the passage of the current occurs at 
that locality. Increases as high as a thousand-fold may result 
with no change in the potential difference between the electrodes. 
Coating the negative electrode with a salt and applying an alter- 
nating e.m.f. will result in the passage of a large current through 
the flame. If the positive electrode be coated instead, the flow 
will be small. Hence the current is in effect limited to one 
direction. 

Ionization and Chemical Reaction. — In electrolysis, electro- 
chemical activity and the separation of products occur entirely 
at the electrodes, the chemical action being a necessary con- 
sequence of the liquid-solid boundary existing there . 12 In an 
electrical discharge through gases, however, ionization and 
recombination of ions take place throughout the gas rather than 
at the electrodes. The accompanying chemical action is there- 
fore not simple. It bears a relation to ionization but not directly 
to the current, according to Lind. 

10 Wilson, Trans . Am. Electrochem. Soc., 44, 127 (1923). 

11 Ann. chim. phys., 24, 289 (1911). 

12 Lind, Trans. Am. Electrochem. Soc., 44, 63 (1923). 
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The chief progress in the study of chemical action in the flow 
of current through gases has been made at low pressures, for 
little is known regarding ionization at high gas pressures. Lind 
holds that the electrochemistry of gases is far more important 
in the latter region, which warrants continued investigation. 

The small number of molecules ionized during the passage of 
an electrical discharge through a gas are in a chemically active 
state. In electrical discharge tubes, diatomic molecules of the 
inert gases and their compounds with hydrogen are shown to 
exist. Furthermore, the gaseous ions are the intermediate 
activated products of reaction, as may be seen in the production 
of C0 2 in ionized CO, where two molecules of CO are decomposed 
for each molecule of the gas ionized. The following equations 
show the reaction: 

CO+ + CO = (CO) 2 + 

■ + © = co 2 + C 

From these studies Lind 13 derives several general laws as follows: 

1. Free electrons will play a primary role in promoting chemical reac- 
tion of gases only when a gas is present capable of forming a negative 
ion by attaching the free electrons. A secondary role is always played 
by electrons in restoring final electrical neutrality. 

2. Gas ions tend to form charged complexes by attaching themselves 
to electrically neutral molecules. These complexes are the intermediate 
compounds of chemical reactions. 

3. Activated molecules or atoms do not interact among themselves, 
but react with the unactivated molecules. 

4. Ineffective encounters may destroy the activity of one of the 
components by leading to the reverse reaction. 

When an electrical discharge passes through air, the resultant 
chemical action produces ozone and nitric oxide. As the tem- 
perature rises, there will be an increase, not only in the propor- 
tions of these compounds in the equilibrium gas mixture, but 
also in their rate of decomposition. Ozone decomposes at 200° 
and nitric oxide at 1200°C. Hence the concentrations of 
these gases will be governed by the temperature as well as the 
rapidity with which they move away from the high-temperature 
zone. In the flaming arc and spark discharge, nitric oxide alone 

13 Ibid. 
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results; in the brush discharge, both gases are formed; while in 
the dark discharge, ozone is produced with but very little nitric 
oxide. 

A study of the disappearance of gases in discharge tubes has 
shown that such disappearance or “ cleanup” does not occur 
unless the potential applied to the electrodes be great enough 
to ionize the gas. It is therefore concluded that the disappear- 
ance is due, not to any direct chemical action, but to the electrical 
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Fig. 204. — Single-phase mercury- 
vapor rectifier. 
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Fig. 205. — Three-phase mercury- 
vapor rectifier. 


discharge itself. In general, the rate of cleanup is directly 
proportional to the ionization . 14 It is furthered by the deposition 
on the cathode of the discharge tube of such substances as 
phosphorus, sulphur, iodine, arsenic, sodium, and potassium. 
The first three are the most effective in the rapid removal of 
hydrogen and nitrogen, the lowest final pressure being reached 
with phosphorus and sulphur . 15 

The Research Laboratories of the General Electric Company 
have devoted much time to the investigation of these reactions, 
the cleanup being involved in the manufacture of electric incan- 
descent vacuum lamps, X-ray tubes, and the like. 

14 Research Staff of the General Electric Company, Lt.<l. (England), 
Phil. Mag., 40, 585 (1920). 

15 Newman, Trans. Am. Electrochem. Soc., 44, 77 (1923). 
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Mercury-arc Rectifiers. — This mechanism is an electric valve 
which allows current to flow only from a positive terminal to a 
pool of mercury. As long as the terminal has a critical potential 
above the mercury electrode, current will pass, but the moment 
the potential falls below the critical, the current decreases, rapidly 
dropping to a zero value. 

In small sizes the construction is simple, consisting of an 
evacuated chamber with a pool of mercury (termed “ cathode ”) 
connected to a terminal and a pair of electrodes in the one-phase 
arc, three electrodes in the three-phase form (termed “anodes”) 



Fio. 206. — Typical wave form of single-phase rectifiers. 


of iron or graphite inserted through the walls of the chamber. 
Figure 204 diagrammatieally shows the arrangement for a single 
phase and Fig. 205 for a three phase with three anodes. Rectifi- 
cation curves for the one- and three-phase types are given in 
Figs. 206 and 207. The mechanism is started through an 
auxiliary device, but it is self-sustaining under load. The source 
of electrons is the hot spot in the pool of mercury, the necessary 
heat being produced by positive-ion bombardment. The “space 
charge” effect of the electrons is reduced by the positive ion, and 
the voltage drop across the tube is held to a value low enough 
to permit good voltage regulation. Inasmuch as only one 
of the electrodes is hot, it is the sole source of electrons. Thus 
when a.c. is applied across the terminals, the current flow will be 
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unidirectional d.c. In operation the electrons which are liberated 
proceed at high velocity toward the anode and ionize molecules 
of gaseous mercury. Positively charged bodies are produced, 
and the stream of electrons moving toward the anode is thus 
increased, while the positively charged bodies are drawn toward 
the cathode. Here they become neutralized or negatively 
charged and thus further increase the ionization at the cathode. 
A potential gradient is set up which accelerates electron emission. 
The rectifying power depends upon the extent of the Crookes 
dark space. Inasmuch as the volume of this space grows greater 


a b c 



Fig. 207. — Typical wave form of a three-phase rectifier. 

Curves a, b, and c are the successive voltage waves of a three-phase system. The current 
in the secondary circuit connected to the rectifier will flow first from the phase a to the 
cathode, thence through the d.c. circuit back to the neutral point of the three-phase system. 
This current will continue until the point h on the curve a is reached, at which there will be 
transference to the anode connected to the 6 phase, when the current will follow the dotted 
line from the point k to the point k, where there will be transference to the c phase, and 
current will follow the dotted line from k to l. The dotted line is the cathode potential in 
reference to the neutral point of the three-phase system, which in turn is the positive terminal 
of the d.c. supplied by the rectifier whose potential is represented by the line oz. 

with decrease of pressure, it is desirable to keep vapor pressure 
and temperature low. 

In connection with power-type mercury-arc rectifiers, E. J. 
Remseheid 16 discusses the chemical and electrical engineering 
difficulties. 

The evolution of the rectifier, from the two-anode glass-bulb type of 
comparatively low current rating to the modern high-current steel-tank 
multiple-anode type, has required much research into the fundamentals 
of mercury-arc phenomena. Other major problems have been of a 
mechanical nature such as: the design and production of a steel chamber 
which may be operated at vapor pressures of ki o of a micron (1 /7, 600,000 
part of an atmosphere); high-speed self-levelling mercury-condensation 
vacuum pumps, capable of producing and maintaining such a vacuum; 
a small rotary air pump capable of continuous operation; adequate 


16 Gen. Eke, Rev., 4 = 1 , 550 (1938). 
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insulating seals for anode conductors entering the vacuum chamber, 
capable of withstanding high temperatures; the production of a vitreous- 
enameled steel, cathode-to-tank insulator, suitable gasket material, 
preferably of a nonorganic nonoxidizing nature; a means of preventing 
the corrosion of the water-cooled parts, etc. 

The energy loss of power rectifiers which is liberated in the form of 
heat has been removed by several methods such as air blast, circulating 
water, and direct radiation. For modern high-power steel-tank recti- 
fiers, the closed water-cooling system (using a corrosion-inhibiting 
solution) has been intensively developed and is almost universally used 
at the present time. 

During the phenomenon of rectification, mercury is boiled away from 
the cathode at the rate of approximately 0.8 gram per second per 
100 amp. of cathode current, the mercury vapor is condensed, and the 
liquid mercury is returned to the cathode pool. Condensation takes 
place on the cooled side walls of the rectifier, thus transferring the heat 
to the cooling medium. The temperature control region of modern 
high-power rectifiers is the projected area under the anodes. The 
cooling system, in addition to condensing the mercury vapor and remov- 
ing the heat losses generated in the rectifier, regulates the mercury- vapor 
pressure within definite limits. 

The rather complicated construction of a power rectifier is 
shown in Fig. 208. 

In the ignitron type of mercury-arc rectifier, an essential 
feature is the igniter. When a small current, say of the order of 
20 amp., 17 passes through a rod of silicon carbide or boron carbide 
dipping into a mercury pool, a cathode spot develops immedi- 
ately at the rod-mercury junction. The ignitron consists of an 
evacuated chamber with a mercury pool at the bottom, into 
which dips the graphite rod serving as the igniter. Construc- 
tion of a typical commercial form is shown in Fig. 209. 

Gaseous Electrotherxnics. — One of the major applications of 
electric arcs in connection with chemical reactions is in the fixa- 
tion of nitrogen. At the present time the fixation of atmospheric 
nitrogen by electrical discharge does not exist as an industry in 
the United States. Its very high power consumption, which is 
of the order of 67,000 kw.-hr. per metric ton of nitrogen, has 
caused it to be confined only to those countries where unusually 
cheap power is available, a situation existing only in Norway. 
A tremendous amount of experimental development and plant 

17 Slepian, Trans, Electrochem , Soc„ 69, 339 (1936), 
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work has been expended in connection with the problem. As 
far back as 1902 the Bradley and Love joy process was installed 



Fig. 208. — Sectional view of 3,000-kw., 600-volt mercury-arc power rectifier. 
(Courtesy General Electric Company.) 


1. Manual vacuum valve 

2. Starting anode armature sleeve 

3. Starting anode solenoid winding and 
yoke 

4. Main anode terminal 

5. Main anode insulating seal 

6. Main anode heater cover 

7. Main anode heater 

8. Tank cover plate 

9. Main anode tip 

10. Baffle cylinder 

11. Baffle 

12. Internal cooling coil 

13. Internal cooling cylinder 

14. Vacuum tank 

15. Water jacket 

16. Mercury separator 

17. Starting anode tip 

18. Air vent 

19. Quartz arc shields 


20. Cathode insulator 

21. Cathode plate 

22. Cathode mercury 

23. Cathode terminal 

24. Cathode insulating pipe 

25. Air-cooled mercury trap 

2G. Mercury condensation pump 

27. Vacuum detector 

28. Thermal relay for mercury condensation 
pump 

29. Excitation-anode insulating seal 

30. Gas receiver tank 

31. Excitation anode tip 

32. Rotary pump valve solenoid 

33. Rotary pump valve 

34. Vacuum gage operating hand wheel 

35. Rotary vacuum pump 
30. Vacuum gage 

37. Rectifier insulators 


at Niagara Falls. They employed an apparatus which produced 
a multitude of thin arcs. These were rapidly extinguished and 
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restarted. Their fundamental idea was that as much air should 
come under the influence of the discharge as possible, and gases 
should be cooled very quickly. Gases containing 2 to 3 per cent 
NO were produced with a HNO 3 yield of 86 g. per kilowatt-hour. 
The largest unit built was 10 kw. 

A second and somewhat more successful attempt to establish 
the arc process in the United States was that of the Southern 



Fig. 209.— General Electric ignitron-type mercury-arc rectifier, 300 kw., 275 
volts. ( Courtesy General Electric Company .) 

Electrochemical Company at Nitrolee, S.C., in 1913, employing 
the Pauling process. Power at 0.153 ct. per kw.-hr. was avail- 
able, but the energy consumption of 19,500 kw.-hr. per ton 
of HN0 3 rendered operation uneconomical, with the resultant 
closing down of the plant in 1916. In 1917 an arc-process plant 
was erected by the American Nitrogen Products Company at 
Le Grande, Wash., using the Wielgolaski furnace. This unit 
contained two or more chambers shaped like an inverted U, the 
electrodes being placed between the ends of the limbs of the U 
and a long U-shaped arc caused to spring between them. The 
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electrode consisted of a water-cooled pipe bent into a ring, and 
the air was blown through the ring. The plant is no longer in 
operation. 

At the present time only the Birkeland-Eyde and the Schon- 
herr-Hessberger processes are in operation in Norway. Pauling 
plants built and operated in various European countries are no 
longer in use. It is estimated that in recent years there has been 
a capacity of about 46,500 tons of nitrogen in arc-process plants 
with actual production of the order of 30,000 tons. This is only a 
very small percentage of the total synthetic nitrogen production, 
being far smaller than the production by any other commercial 
process such as NH 3 synthesis or cyanamide. 

Fixation of Nitrogen by Electric Arcs. — The formation of 
nitrogen oxides at a high-tension arc discharge in air was first 



Absolute Temperalure. Deg. 

Fig. 210. — Equilibrium concentrations of NO in air at various temperatures. 

noted by Crookes, although Rayleigh 18 was the first to study the 
process from the commercial point of view and the production of 
HNO 3 . The equilibrium concentrations of NO in air at different 
temperatures were experimentally determined by Nernst, 
Jellinek, and Finckh. 19 Their results are plotted in Fig. 210. A 
number of theories have been proposed such as the thermal one 
in which the formation of oxides of nitrogen was presumed to be a 
function of temperature. 20 At low temperatures NO is unstable, 
its equilibrium concentration in the presence of N and O being 
very small. The reaction is given as N 2 ~b 0 2 == 2NO — 43,100 
cal. at room temperature. Higher temperatures should thus 
favor the formation of NO. According to the thermal theory, 
the incoming gases are heated to the temperature of the arc and 

18 Trans. Chem. Soc., (London) 71, 181 (1897). 

19 Z. anorg. Chem., 46, 116 (1905); 49, 213, 229 (1906). 

20 Muthmann and Hofbk, Ber., 36, 438 (1903). 
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NO is produced at the concentration in equilibrium with N 2 and 
O 2 * The gaseous mixture passing out of the arc zone is cooled, 
during which time there is a tendency for the NO to decompose 
according to the equilibrium concentration at lower temperatures. 
It would follow that it is desirable to have a high temperature in 
the arc followed by a very rapid cooling of the gases. Haber and 
Koenig 21 showed, however, that electrical phenomena can play 
a very important part and that under certain circumstances 
thermal effects are of a secondary nature. Their experimental 
work showed that the thermal theory was inadequate. Stein- 
metz 22 suggested the theory that NO formation was due to the 
union of nitrogen and oxygen atoms which w T ere produced by 
dissociation in the powerful electric field in the arc rather than 
by thermal dissociation. 

The designers of nitrogen-fixation furnaces tried to get very 
high temperatures in the arc with sudden cooling. It was 
early found, however, that the NO concentration did not increase 
as quickly as did the consumption of electrical energy in a given 
space but soon reached a limit where any further increase in 
energy was useless. Thus short thick arcs were avoided and 
many devices proposed for the maintenance of long thin stable 
arcs with which a large quantity of air could be brought into 
contact. 

Birkeland-Eyde Process. — In the Birkeland-Eyde process an 
a.c. arc is sprung between elec- 
trodes in a powerful elec- 
tromagnetic field with the 
resultant formation of a disk 
type of discharge. The ar- 
rangement permits a great con- 
centration of power in a given 
space, as well as the introduc- 
tion near the electrodes of air 
which can be passed through the arc, be fully exposed to its action, 
and be removed at the periphery of the disk discharge. A typical 
arc formation is shown in Fig. 211'. In a typical unit the elec- 
trodes are 5-cm. (1.97-in.) water-cooled copper tubes bent in the 

21 Z. Elektrochem 13, 725 (1907); 14, 689 (1908); (with Platou) 16, 798 
(1910). 

22 Chem. Met. Eng., 22, 299, 353, 411, 455 (1920). 



Fiu. 211. — Birkeland-Eyde arc. 
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form of a narrow U and placed about 1 cm. (0.4 in.) apart. The; 
arc, whose temperature is estimated at 3200°C., burns vertically 
through holes in a brick-lined furnace, in the steel shell of which 
air enters. A 750-kw. unit has a furnace chamber about 5 ft. 
high, 5 ft. wide (corresponding to the dimensions of the disk), 

and 2 to 6 in. deep in the direc- 
tion of the magnetic field. Two 
electromagnets are connected to 
the external casing and take 0.35 
to 1 per cent of the total load. 
A typical unit is shown in Fig. 
212. About 5,000 volts is re- 
quired, of which 3,300 to 3,900 
are across the arc, the remainder 
being consumed in the series in- 
ductances. Power factor at 60 
cycles is 66 to 68 per cent at 
currents of 190 to 200 amp. 
Larger units of 3,200 to 4,000 kw. 
of 80 per cent power factor, em- 
ploying three-phase current and 
three delta-connected furnaces, 
have been built. Furnace gases contain about 1.25 per cent NO 
at 900 to 1000°C. at the furnace exit. The energy consumption 
is 15,000 kw.-hr. per metric ton of HNO 3 or 67,000 kw.-hr. per 
metric ton of nitrogen. It is stated that the electrodes last 400 
to 500 hr. and furnace linings 4 to 6 months. 

Pauling Method. — In the Pauling process the arc was formed 
between two horn electrodes and preheated air blown up through 
a nozzle at the base of the arc, 
deforming it to a flame as 
shown in Fig. 213. The elec- 
trodes were hollow water- 
cooled cast-steel members, 
about 30 cm. (11.8 in.) long. 

Electrodes were provided with 
vertical slits at the lowest point, through which passed thin 
knives whose distance apart could be regulated. These strips 
or knives were so thin that they did not affect the current of 
air and were used to start the arc. The electrode life was very 
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Fig. 212. — Sectional elevation of 
Birkeland-Eyde furnace at right 
angles to arc disk. 
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short, being 200 working hours for the main electrodes and 20 hr. 
for the thin strips. In the industrial units a 600-kw. furnace 
contained two 300-kw. arcs in series at a total voltage of 5,000, 
current of 200 amp., and power factor of 60 per cent. Furnace 
gases contained 0.08 per cent NO at 1000°C. at the furnace 
exit, and energy consumptions were 16,800 kw.-hr. per metric 
ton of HN0 3 or 75,500 kw.-hr. per metric ton of nitrogen. 

Schonherr-Hessberger Process. — In the Schonherr-Hessberger 
process very long arcs are used in which the air current draws 


the arc out from a short to a great length. 
Air is introduced not at right angles as in 
the Pauling furnace, but so that it sur- 
rounds the arc and travels along parallel 
to it. Air comes in contact with the elec- 
trical discharge by diffusion and eddy cur- 
rents from all sides without deformation 
or undue cooling of the arc. A typical 
furnace is illustrated diagrammatically in 
Fig. 214. The arc chamber consists of a 
vertical iron pipe serving as one electrode 
which is grounded. It is 20 to 25 ft. long, 
a few inches in diameter, water-jacketed 
at the top, and slightly belled at the 
bottom, into which end the other elec- 
trode, carefully insulated from it, fits 
vertically. This lower arc terminal is a 
rod of iron connected to a water-cooled 
copper block and can be raised and lowei- 
ed. The arc chamber is surrounded by 
other concentric vertical iron tubes, which 
in turn are surrounded by a firebrick fur- 
nace chamber in a steel shell. Air enters 
at the bottom of the furnace, traveling 
vertically upward through one of the iron 
pipes to the top, then passes downward 



in the pipe surrounding the discharge chamber where it is 
preheated. The air enters the discharge chamber near the 
bottom electrode, rises vertically through it to the top of the 
furnace, and again passes downward alongside the firebrick 
lining. Here it gives up some of its heat to incoming air in the 
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adjacent tube, and leaves the furnace at the bottom. In oper- 
ation an arc is started between the lower terminal and the wall 
of the discharge chamber and is lengthened out as a result of 
the action of the incoming air, which ascends the discharge 
chamber with a helical motion. The length of the arc is a 
function of the applied voltage and the conductivity of the 
gases. This in turn is a function of temperature which again 
is a function of the air velocity and the effectiveness of the 
heat interchange between the gases leaving the furnace and 
those entering it. Stable arcs some 20 ft. long are thus pro- 
duced between the lower terminal and some point in the top 
of the discharge chamber where it is water-jacketed. Typical 
furnaces are three phase, three single-phase units being connected 
in star, and take loads of 750 to 1,000 kw. at 350 volts and 
290 amp. Series inductances are used to stabilize the arc. 
Power factors are around 66 per cent. The gases contain 1.8 per 
cent of NO at 1200°C. at the discharge chamber exit and 850°C. 
at the furnace exit. Entering air is warmed to 500°C. by heat 
interchange. Energy consumption is of the order of 14,800 
kw.-hr. per metric ton of HNO 3 , or a little less than 67,000 kw.-hr. 
per metric ton of nitrogen. Schonherr calculates that only 
3 per cent of the total energy of the furnace is used in the forma- 
tion of nitrogen compounds. The first cost of plant as well as 
repair and maintenance is relatively low. 

The Schonherr-Hessberger and the Birkeland-Eyde units show 
yields which are almost identical, but the former gives a gas 
having a higher content of oxides of nitrogen and in addition is 
of simpler construction, more durable, and lower in first cost. 
On the other hand, the Birkeland-Eyde furnaces can be built in 
larger sizes. The simplicity of the Pauling apparatus is offset by 
the very dilute gases produced, as well as the small size of the 
units. Both the Birkeland-Eyde and the Schonherr-Hessberger 
furnaces have found satisfactory industrial application in Norway. 

The gases containing the oxides of nitrogen are cooled by heat- 
interchange methods, first in waste-heat boilers and then in 
coolers where their thermal energy is used to preheat air, and 
are worked up in absorbing towers into HN0 3 or Ca(N(J 3 ) 2 or 
both. In earlier plants NaN0 2 was also produced. 
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ELECTRONICS 

In a metallic conductor there is a continual interchange 
of electrons between adjacent atoms, and there are always a 
number of free electrons, each one of which is free for only a 
short time. If a potential be applied to the conductor, a current 
is produced as a result of the movement of the free electrons 
in the conductor toward the positive pole or point of higher 
potential. The free electrons in a metal are considered to be 
in constant motion with an average velocity which is directly 
proportional to temperature. The surface of the conductor is 
impervious to most of the electrons at normal temperature. 
If the conductor be heated, a large number of electrons are 
able to break through the surface into the surrounding space. 
In a gas under normal conditions there is no interchange of 
electrons and no conduction. If the temperature of the metallic 
conductor be sufficiently high, it will not hold an electric charge 
but will give off electrons or thermions. The electric current 
from such a body is called a u thermionic current.” 1 

Vacuum Tubes. — The vacuum tube makes use of thermionic 
discharge. In its simplest form the device consists of a highly 
evacuated glass bulb containing an anode or plate and a metallic 
filament of tungsten or other metal which may be electrically 
heated. A diagrammatic sketch of a two-element tube is 
given in Tig. 215. If the switch be open, there will be no current 
through the ammeter; but if it be closed, a current will pass 
through the ammeter in the direction of the plate. This current 
is caused by electrons thrown off by the heated filament. They 
pass from the filament to the plate to produce an electric current 
in the circuit connecting the filament and the plate. Only a 
few of the electrons given off by the filament reach the plate and 
most of them return to the filament. The current is, therefore, 
very small. Electrons which fill the space produce a negative 

1 Refer to previous chapter. 
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space charge which repels the electrons just leaving the filament 
and drives them back. If a potential be applied to the plate (by 
an external source of current) to make the plate positive, the nega- 
tive space charge is neutralized by the positive charge on the 
plate, and the electrons can leave the filament more readily. In 
addition, positive plate charge tends to attract the electrons. 
As a result, a larger number leaving the filament reach the plate, 
-and the current in the circuit is greatly increased. The therm- 
ionic currents produced even in this case are small. Vacuum 
tubes commonly used in radio-receiving sets have currents 
ranging from 1 to 2 milliamp. to about 25 milliamp., while 
those employed as rectifiers pass as much as 5 or 6 amp. If the 
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Fig. 215. — A two-element electron tube. 


plate, as the result of reversal of the polarity of the external 
source of current, be made negative, the plate would acquire a 
negative charge which would increase the negative space charge 
and drive the electrons back to the filament. If the external 
source be an a.c., the plate will be alternately positively and 
negatively charged, and the tube could be employed as a rectifier. 

It has been previously shown that thermionic emission is a 
function of the electrode material, the temperature, and the 
nature and pressure of the surrounding gas. Certain gases have 
a stimulating effect upon thermionic emission. If a gas at a low 
pressure be introduced into the vacuum tube described above, the 
current through the plate may be increased as the result of 
ionization of the gas and neutralization of the negative space 
charge. Vacuum tubes employing ionized gas are extensively 
used as rectifiers. 

As long as the potential applied to the plate and the heating 
current in the filament circuit are both constant, a steady current 
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will flow through the tube circuit. The relation between plate 
potential and current in the plate circuit is given in Fig. 216. 
At first, increase of plate potential increases plate circuit current 
until a constant or saturation value is reached at which further 
increases of plate potential do not 
increase plate current. If the temper- 
ature of the filament be raised through 
increase of filament current, this satu- 
ration value will be increased. Satu- 
ration occurs when all the electrons 
emitted by the filament are attracted 
to the plate. 

The amount of current in the plate 
circuit may be varied by the insertion 
of a third element called the “grid,” 
consisting of a fine wire, wound around 
suitable supports, with the turns 
spaced a considerable distance apart. 

Electrons reaching the plate there- 
fore have to pass through the meshes of this grid. If the 
tube be operated at such a value of plate potential and 
filament current that the plate current is well below saturation, 
the grid potential with respect to the filament is zero. If a 



Fig. 216 . — Plate-potential 
plate-current relation; satura- 
tion curves at filament tem- 
peratures T i, Pa, and T 3 . 



Fig. 217. — Connections to show effect of change in grid voltage. 

negative potential be applied between the grid and filament, 
the current in the plate circuit will decrease, and if sufficient 
negative potential be applied to the grid, the plate current 
may be stopped entirely. If the grid be made positive with 
respect to the filament, the plate current, will increase. Under 
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such a condition not all the electrons will reach the plate, in 
that some are attracted to the grid and a grid current flows 
from the filament to the grid. A three-electrode tube (Fig. 217) 
then becomes an electron relay and permits the control of a large 
plate current by means of a small potential applied to the grid. 
With a fixed grid potential the current in the plate circuit 
increases with increase of plate potential until saturation is 
reached. 

Four-element tubes, with two grids instead of one, have advan- 
tages for certain applications. Many modifications of grid tubes 
have been developed. They have individual characteristics 
and more or less specialized uses. The static characteristics of a 



Fig. 218 . — Static characteristics of electron tube. 

three-electrode vacuum tube are shown in Fig. 218. Small 
changes in grid potential will produce a large change in plate 
current; hence the tube may be used as an amplifier for an e.m.f. 
wave applied to its grid. When operated as an amplifier, changes 
occur in the plate current and in the energy in the plate circuit. 
This change of energy is much greater than the corresponding 
change in the grid circuit. 

Three-element vacuum tubes may be made to oscillate by 
electrical arrangements which involve some method of intro- 
ducing energy from the plate circuit into the grid circuit of the 
tube, with the production of a.e. of sine wave form over an 
extremely wide range of frequencies. These oscillators are the 
most common source of energy for radio communication. By 
other arrangements the three-element vacuum tube may be 
used as a modulator or a detector for radio signals. 
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Photoelectric Tubes. — The photoelectric tube is based on the 
property of certain metals, suph as Na, K, Ru, Ca, Cd 7 Se, or Ce, 
giving off electrons when they are exposed to ordinary light. 
A photoelectric tube may be constructed by coating a portion 
of the inside of an evacuated glass bulb with a layer of the metal 
and connecting this as one terminal of the circuit, with a metal 
electrode placed inside the bulb near the coated surface as the 
other terminal. As long as light falls on the photosensitive 
metal layer, a current will flow, the strength of which will be 
dependent upon the intensity of the light. The current ordi- 
narily produced is very small and may be amplified by the use 
of a three-element vacuum tube as shown in Fig. 219. The 



Fig. 219. — Amplification of photoelectric tube current. 

metallic coating on the glass may be replaced by a plate of the 
photosensitive metal. High-vacuum photoelectric tubes have 
a high voltage drop and require a high polarizing potential. 
This can be reduced if gas at a low pressure be used in the tube, 
with a decrease, however, of permanence of the characteristics 
of the unit. Both types of tubes are employed for purposes 
such as television for the transmission of photographs or copy 
by radio or wire lines. They are finding a wide variety of appli- 
cation in manufacturing industries for inspection, for sorting 
of products which vary in color, for the detection of smoke, as 
guards on machines where a continuous ray of light is directed 
on the tube and any object which cuts off the light makes the 
machine inoperative, as well as other purposes where a variation 
of light is to be detected. 

Photovoltaic Cells. — Photovoltaic cells are devices containing 
two electrodes immersed in a suitable electrolyte, between which 
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electrodes an e.m.f. is produced or a change of e.m.f. effected when 
electromagnetic radiation such as light is incident on the photo- 
active elements of the cells. An example is a cell of the type 
Cu:Cu 2 0 as one electrode, Pb(N0 3 )2 as the electrolyte, and Pb 
as the other electrode. This cell has the sensitivity of 150 
microamp. per lumen. 2 

Electronic tubes may be used as potentiometers, particularly 
in connection with the glass indicator electrodes for acidity 
control where the hydrogen, quinhy drone, and metallic electrodes 
cannot be used because of rapid poisoning. 3 New units are 
constantly being developed and new applications found. 

New developments of electronic devices and applications of 
vacuum tubes and photoelectric cells are constantly taking place. 
For these the reader should refer to the current literature. 4 

Thermionic Tubes 

Van Der Bijl, “The Thermionic Vacuum Tube and Its Applications,” 
McGraw-Hill Book Company, Inc., New York, 1920. 

Peters, “Theory of Thermionic Vacuum Tube Circuits,” McGraw-Hill 
Book Company, Inc., New York, 1927. 

Hudson, “Electronics,” John Wiley & Sons, Inc., New York, 1932. 

Morecroft, “Electron Tubes and Their Applications,” John Wiley 
& Sons, Inc., New York, 1933. 

Koller, “The Physics of Electron Tubes,” McGraw-Hill Book Company, 
Inc., New York, 1934. 

Henney, “Electron Tubes in Industry,” McGraw-Hill Book Company, 
Inc., New York, 1934. 

Photoelectric Cells 

Campbell and Ritchie, “Photoelectric Cells,” Sir Isaac Pitman & Sons, 
New York, 1929. 

Hughes and DuBridge, “ Photoelectric Phenomena,” McGraw-Hill 
Book Company, Inc., Now York, 1932. 

Hudson, “Electronics,” John Wiley <fc Sons, Inc., New York, 1932. 

Zworykin and Wilson, “Photocells and Their Application,” John Wiley 
& Sons, Inc., New York, 1934. 

2 FrNK and Alpern, Trans . Am. Eleclrochem. Roc., 58, 275 (1930). 

3 Partridge, Electronics , 1 , 100 (1930). 

4 Electronics , beginning with Vol. 1 in 1930 published monthly by McGraw- 
Hill Publishing Company. 
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CHAPTER XXVII 

MATERIALS OF CONSTRUCTION 

Materials of construction for electrochemical apparatus may 
in general be subdivided into three classes: those employed in 
electrolytic cells in which aqueous electrolytes are used, those 
finding application in fused electrolyte work, and those in 
electrothermic operations. In the first, the portions of the cell 
to be considered are the anodes, cathodes, diaphragms, and tank 
materials; in the second, electrodes, containers, and their linings; 
in the third, the electrodes, the containing body of the apparatus, 
and the lining. 

Anodes for Aqueous Solutions. — At the present time graphite 
serves as anode in chlorine and chlorate cells and in the produc- 
tion of magnesium and sodium metals. Graphite is very slightly 
attacked by chlorine, while amorphous carbon shows appreciable 
attack. Both graphite and amorphous carbon rapidly disin- 
tegrate in acid solutions, particularly those containing H 2 S0 4 . 
In salt electrolysis it has been found advantageous to increase the 
anode life by impregnating the graphite with a cobalt solution, 
as the result of which the anodic voltage can be reduced several 
tenths of a volt. Other methods have involved impregnating the 
anode with linseed oil or with synthetic plastics such as Bakelite. 
Graphite and carbon are very useful as unattackable anodes in 
solutions which do not evolve much oxygen. 

Lead has found wide use as an insoluble anode in the electro- 
deposition of metals in sulphate electrolytes not containing 
chlorides. In an alloy formed with silver in small amounts as the 
alloying constituent, it is employed in the electrodeposition of 
zinc from sulphate electrolytes. A wdiole series of lead alloys 
with Ag, As, Ca, Ba, Mg, Tl, Cd, and Bi have been tested and 
studied. 1 Anodes of 61 per cent Ag and 39 per cent Pb have been 
proposed for use in salt electrolysis for chlorine production. 2 To 

1 Tainton, Taylor, Ehrlinger, Trans . Am. Inst. Mining Met. Eng., 
1929, p. 192; Hanley, Clayton, Walsh, ibid., 1930, p. 275. 

2 Fink and Pan, Trans. A m. Electrochem-. Soc., 49, 85 (1926). 
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increase the anode stiffness and mechanical strength, antimonial 
lead of various compositions has been recommended. In some 
cases the antimony content has been as high as 40 per cent. In 
use, the lead anodes become covered with Pb0 2 , so that the sur- 
face of a lead anode must be considered electrochemically as a 
Pb0 2 electrode. In the case of both the lead and the lead 
alloys, the solution must be free from ions, such as chlorates and 
nitrates, with which the lead would form soluble salts. Study 
of the anodic behavior of lead anodes has resulted in the develop- 
ment of a number of compositions that are remarkably 
resistant to anodic corrosion. 3 Many of these have low oxygen 
overvoltage. Extensions of the theory of catalysis and the devel- 
opment of so-called “promoters” or “secondary catalytic sub- 
stances” increasing the action of the original catalysts have been 
applied to the catalytic effect of films formed on anodes, par- 
ticularly protective films resistant to anodic corrosion and having 
at the same time low oxygen overvoltage. 4 

Iron is the common anode and cathode material in electrolytic 
hydrogen-oxygen cells employing alkaline electrolytes. When 
used as anode, the surface is generally coated with nickel to 
reduce the oxygen overvoltage, and as cathode in one cell the 
surface is coated with cobalt to reduce the hydrogen overvoltage, 
with resultant reduction of the total voltage across the cell. 
High-silicon irons such as Duriron were formerly used, in sulphate 
solutions containing small amounts of chlorides and nitrates, in 
copper extraction. The anodes were brittle and corroded too 
rapidly, with the introduction of excessive amounts of iron into 
the solution. For the same use fused magnetite electrodes were 
tried. They were made of hollow castings, copper-plated on the 
inside to decrease the resistivity. They were very brittle and 
showed appreciable corrosion in H 2 S0 4 electrolytes, with the 
introduction of too much iron into the solution. 

Platinum behaves satisfactorily as an insoluble electrode, but 
its use is very definitely limited by its cost. It is employed only 
where other materials are so unsatisfactory that platinum 
becomes essential. To minimize expense, the maximum possible 
surface must be obtained for a given weight so that various forms 
of gauze constructions are used in the production of perchlorates, 

3 Fink and Eldrcdoe, Trans. Am. Eleclrocham. Soc ., 40, 51 (1921). 

4 Fink, Ind. Eng. Chem ., 16 , 566 (1924). 



MATERIALS OF CONSTRUCTION 


587 


perborates, and other peracids and persalts. In order to decrease 
overvoltage, platinized electrodes are preferable, but their use is 
limited by the fragile nature of the surface. 

The concept of overvoltage of oxygen and the catalytic 
effect of the anode material have been of considerable industrial 
importance in the development of so-called “ insoluble anodes” 
for industrial processes, particularly in the refining of metals. 

Two of the reactions at the anode are of particular interest: 
(1) the combination of the anion with the metal of the anode, 
and (2) the discharge of the anions with the formation of gaseous 
oxygen. The relative velocity of these two reactions more or 
less determines the degree of solubility of the anode under the 
action of the current. It is not difficult to picture the ideal 
case for a perfect insoluble anode. The velocity of the second 
reaction is infinitely greater than that of the first reaction. The 
more we can catalyze the formation and evolution of gaseous 
oxygen, the more insoluble will be the anode. 

In the electrowinning of copper an ideal anode would be of 
copper with a surface film that would catalyze the oxygen forma- 
tion and evolution to such an extent that practically no copper 
of the anode would go into solution. 

The so-called Chilex insoluble anode of the Chile Copper 
Company, consisting mainly of copper silicide, has been devel- 
oped for copper electro winning. Various addition materials 
are included to affect the films formed on the surface. The anode 
consists essentially of an alloy of copper, silicon, iron, and lead. 
In addition it has been found that a small amount of tin is 
beneficial, and for a time it was believed that the presence of 
about 4 per cent of manganese was desirable. On microscopic 
examination of etched specimens, the anode is seen to consist of 
two main constituents : one substance separated in primary 
crystals and very resistant to corrosion, and the other a binary or 
ternary eutectic mixture much more readily corroded. The 
primary crystals consist of free silicon, and the eutectic carries 
the rest including the lead and tin. 

The behavior of the anode is similar to that of a storage- 
battery plate. The latter consists of Pb0 2 particles, which 
serve as current conductors to the solution, embedded in metallic 
lead, which serves as metallic conductor and current distributor 
and as the supporting grid to give mechanical strength. In the 
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Chilex anode the eutectic has the same function as the Pb0 2 
produced from the lead in it by the oxidizing action of the current. 
The free silicon is the supporting grid and serves to protect the 
anode against too rapid mechanical and chemical corrosion . 5 

Cathodes for Aqueous Solutions. — As cathodes, the number of 
materials needed is relatively few, in that in most cases, par- 
ticularly in the refining of metals, the cathode sheet is made of 
the metal to be deposited. In the formation of starting sheets, 
lead and lead alloys are used for the “ blanks” in copper refining. 
Aluminum which shows a high hydrogen overvoltage is 
employed in zinc electrowinning and nickel refining. In copper, 
however, lead meets competition from copper blanks which 
are oiled or coated with a graphite wash. In nickel refining, 
aluminum blanks are generally given a Na 2 S dip so that the 
starting sheet may be easily removed from the blank. In 
the production of chlorine and caustic in electrolytic cells, the 
common cathode materials are iron or steel whose use is almost 
universal. Alloys of iron with chromium and nickel, such as the 
stainless or corrosion-resistant steels not attacked chemically by 
nitrates or HNO 3 , are employed as cathodes in the Moebius 
silver-refining cell. Cobalt-plated steel sheets serve as cathodes 
in the Levin hydrogen-oxygen cell. Copper gauze as cathode 
found application in the Hargreaves-Bird chlorine cell. Plat- 
inum, because of its high price, is used only to a limited amount in 
certain hypochlorite and persalt cells. 

Diaphragms for Aqueous Solutions. — The availability of 
suitable diaphragms frequently determines the success or failure 
of electrolytic processes. A good diaphragm must have sufficient 
mechanical strength and rigidity so that it may be kept in place 
without distortion or strain. It must be chemically resistant 
and as far as possible be unattacked by any solutions or gases 
with which it comes in contact, so that expenses for repair and 
replacement and disturbances of the cell due to the diaphragm 
may be reduced to a minimum. The diaphragm should be of as 
low electrical resistance as possible. 

To withstand alkaline liquors, asbestos is often used, in either 
sheet or woven form. Crude asbestos mineral becomes readily 
clogged; but asbestos which has been acid-treated and baked or 

5 Eichrodt, Trans. Am. Electrochem. Soc. } 45, 390 (1924). 
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has been subjected to refining manufacturing processes has 
sufficient mechanical strength so that it may be securely fastened 
in position without fear of breakage, and is of good porosity so 
that it does not choke up. Asbestos diaphragms are widely 
used in chlorine and caustic cells. A modification consisting of 
a mixture of asbestos, Fe 20 3 , and colloidal ferric hydroxide is 
employed as a diaphragm material in Townsend chlorine cells, 
while a mixture of BaS0 4 and asbestos wool spread over closely 
woven asbestos cloth is an effective diaphragm in the Billiter 
chlorine cell. Portland cement or concrete has been employed 
in alkaline liquor electrolytes, while woven screens of metal 
such as nickel or iron with very small apertures, or sheets in which 
a large number of small holes are punched, are used in certain 
filter-press type hydrogen-oxygen cells. In the manufacture of 
electrolytic white lead, heavy linen cloth is a satisfactory dia- 
phragm material. 

For acid electrolytes, linen, muslin, or canvas is employed 
in nickel refining for the “cathode boxes. ” Most clays and 
porcelains contain too much basic material to be satisfactory, 
the acid electrolyte combining with the bases in the diaphragm. 
Fused alumina in plates or manufactured shapes has been 
employed, as well as “electrofiltros” which consists of fine 
grains of pure silica crystals cemented together with a small 
percentage of fused siliceous bonding material. In small-scale 
work some high-grade porcelains have been used, but their 
electrical resistance is ordinarily too high for industrial appli- 
cations. Unglazed porcelain diaphragms were used in the 
manufacture of para-aminophenol by electrolytic reduction. 
In general, diaphragms are avoided. In some special cases, as 
in storage batteries, thin wood sheets serving to prevent short- 
circuiting between the plates may be considered as diaphragms, 
and retainers such as mats of glass wool may be considered in 
the same class. 

Tank Materials. — The materials used for tanks for electrolytic 
cells are wood, steel, and concrete, with or without linings. In 
the electrolytic refining of metals, the tanks are generally wood 
(longleaf pine and in some cases cypress or redwood) or concrete. 
Often the cells are lined with lead containing 6 to 8 per cent 
antimony to increase the stiffness (the lead weighing 6 to 8 lb. 
per sq. ft.), or with mastic or asphalt. Lead linings cannot be 
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used for electrolytic solutions containing chlorides. In some 
specialized cases, as in the manufacture of persalts, the tanks 
are wood impregnated with paraffin wax. Recent practice 
prefers concrete tanks lined with mastic, petroleum pitches, or 
asphalts in place of wood. Considerable attention is paid to 
the selection of the proper aggregate so that a dense material may 
be produced. The cements employed are of the slow-setting 
type. 

Iron or steel tanks are used for electrolytic cleaners in electro • 
plating and for chlorine, caustic, and chlorate cells. In the case of 
chlorine, combinations of steel and concrete are widely employed. 
For containers in electroplating, wood serves for the larger tanks 
although there has been considerable application of rubber-lined 
steel units for universal use. For small sizes, ceramic ware finds 
application. In silver refining, Thum cells were of ceramic ware 
but there has been a gradual displacement in favor of concrete 
cells lined with mastic. In the Wheeler chlorine cell, composites 
of concrete and asphalt serve for parts of the unit. Minor 
applications are made of soapstone for containers, as in small- 
scale hypochlorite cells and the covers for the Nelson chlorine 
cell. Mastic concrete (consisting of ground quartz of all sizes 
held by a stiff asphaltic material), sulphur-filled concrete, and 
carbon-sulphur or carbon-sulphur-sand mixtures have been 
proposed and used as acid- and waterproof materials of con- 
struction for cells and cell linings. For one of the most severe 
cases of corrosion of materials, that of ferrous and ferric chloride 
in the Eustis-Perin process of iron extraction, the tank material 
was concrete impregnated with molten sulphur. Mixtures of 
these types are limited to operating practices where temperatures 
do not exceed 55 to 65°C. Small-scale apparatus is sometimes 
made with linings of synthetic plastics, while celluloid finds use in 
the construction of electroplating barrels or drums. Glass is 
limited to small-scale equipment such as storage batteries. 

In the selection of a material of construction for electrolytic 
cells, a number of factors such as cost, case of construction, 
corrosion resistance, life, effect of the material or the lining on the 
solution, resistance to temperature changes, or attack by warm 
solutions, availability of the materials, and labor for construction 
must be taken into account. In the electrolytic refining and 
electrowinning of metals, perhaps the most widely used con- 
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struetion material is concrete, with either lead or some kind of 
mastic or asphaltic lining. 

Electrodes for Fused Electrolytes. — As anodes in fused salt 
electrolytes, in some cases graphite is too expensive, and amor- 
phous-carbon electrodes are more suitable. Such is the case of 
aluminum where the anode is oxidized to CO and C0 2 . 

In fused electrolyte cells iron is employed wherever possible. 
It is found as the cathode material in magnesium, calcium, and 
the production of sodium from fused caustic. In a number of 
important fused electrolyte processes, the only available cathode 
construction material found to date is carbon, generally rammed 
in place in the form of a plastic mass of the ground carbon with a 
binder, the mass afterward being baked. This is the typical 
construction in an aluminum cell, which consists of a steel pot 
or box lined with carbon. 

Diaphragms and Containers. — Diaphragms find little applica- 
tion in f used-salt electrolysis save in the case of the Castner and 
salt cells for sodium, where wire screens of iron or nickel are 
employed. The containers are almost universally steel, either 
bare or lined with carbon. When the containers are unlined, an 
effective lining is usually formed by a fused layer of the electrolyte 
or the material being melted. Examples are found in the prepa- 
ration of sodium from caustic, the various units for calcium, 
and the equipment for magnesium by the chloride and oxide 
processes. An analogous case is that of fused-alumina furnaces, 
where the furnace consists of a steel shell protected by a layer 
of the alumina adjacent to the steel. 

Electric -furnace Electrodes. — Amorphous-carbon and graphite 
electrodes enter into the manufacture of electric steel, ferroalloys, 
CaC 2 , cyanamide, SiC, fused alumina, graphite; aluminum, 
magnesium, calcium, and sodium metals; phosphorus, H3PO4, and 
CS 2 ; chlorine, caustic soda, chlorates; electric-furnace melting of 
nonferrous alloys; primary cells; as well as other minor applica- 
tions. From the viewpoint of the raw materials used, the 
methods of manufacture, and their applications, the electrodes 
may be subdivided into amorphous-carbon electric-furnace 
electrodes, amorphous-carbon electrodes for aluminum, graphite 
furnace electrodes, and graphite shapes for electrolytic work. 

Electrodes for electro thermic work serve as the refractory 
conductors of the electric current, and do not enter into the 
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reactions taking place in the furnace or other apparatus in which 
they are used. In many cases the impurities of the electrode 
either do not get into the product of the furnace or, if they do, 
make no appreciable difference. Thus a satisfactory electrode 
for electrothermic purposes may have an appreciable ash content 
and show a comparatively high resistivity. The raw materials 
are low-ash anthracite, which after calcination is ground so that a 
high-strength aggregate may be obtained. 

Electrodes for fused-salt electrolysis, such as the production of 
aluminum, must be low in impurities in that these are transmitted 
to the metal produced in the furnace. The raw material for 
these is petroleum coke, a pure low-ash by-product of petroleum 
oil refining. The purity and resistivity of the electrodes (anodes) 
are important, because of the low voltages at which the furnaces 
operate. 

Graphite electrodes are made from either low-ash coals or 
petroleum coke, common practice being first to form the amor- 
phous electrode which is later graphitized. Artificial-graphite 
electrodes are with few exceptions formed by extrusion. Amor- 
phous-carbon electrodes for electric-furnace work are made by 
both molding and extrusion methods. In the case of aluminum 
electrodes, molding is replacing the extrusion operations formerly 
employed. A typical manufacturing flow sheet for electrodes 6 is 
shown in Fig. 220. The carbonaceous materials are crushed and 
calcined to remove volatile matter in either gas-fired or electric 
equipment. The calcined material is ground and pulverized to a 
particle size or range of sizes particularly adapted to the type of 
electrode being made. In the case of large electrothermal elec- 
trodes, the aggregate will contain a considerable amount of 
coarse particles. In some plants the ground materials are 
screened and the various-sized products mixed in the desired 
proportion. The dusts are mixed with tar or pitch binders and 
shaped by either molding or extrusion to produce “green” 
electrodes. These are baked in either gas-fired or electrically 
heated furnaces, being held in place by ground calcined carbona- 
ceous material termed “packing.” After baking, the electrodes 
are cleaned and either used as such or machined for specific 
uses. 

6 Mantbll, “Industrial Carbon,” p. 345, D. Van Nostrand Company, 
Inc., New York, 1928. 
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Fig. 220. — Flow sheet of carbon electrode manufacture. 
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Individual electrothermal electrodes are made in many sizes. 
A typical one 20 in. in diameter, 180 in. long, weighing 3,180 lb., 
is shown in Fig. 221. They are made as large as 48 in. in diam- 
eter. For continuous feed, both ends are drilled and tapped 
so that a small threaded plug or dowel pin of electrode material 
may be screwed into the end of one electrode and the adjacent 




Fig. 22 X. — A 20-in. carbon electrode 20- 
in. diameter by 180 in. long. ( Courtesy 
National Carbon Company.) 


Fig. 222. — Joining electrodes. 
{Courtesy National Carbon Com- 
pany.) 


end of the next one. Such an operation is shown in Fig. 222. 
A size finding considerable employment in carbide furnaces is 
20 by 20 in. square, a number of which are connected or joined 
together in bundles. 

Continuous Electrodes. — There has been developed within 
recent years a self-baking electrode formed continuously from a 
soft carbon mixture which is baked in the same furnace in which 
it is used. It thus provides a continuous electrode. The first 
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electrode of this kind was built by Soderberg in 1909. The 
Soderberg electrode consists of a ribbed cylinder of thin sheet 
iron into which the electrode paste is filled. The electrode is 
added to from time to time by lengthening the cylinder and 
filling up with fresh paste. The paste for the electrode is the 
sam'e and made in the same manner as for ordinary electrodes. 
The lower end of the electrode is baked by waste heat from the 
furnace. In use, the electrode consists of a baked and an 



Fig. 223. — Commercial setup for measuring resistivity of a large electrode. 
(Courtesy Acheson Graphite Company.) 


unbaked part. The baking of the electrode takes place as it is 
allowed to slip through the holder. The holder is of the water- 
cooled clasp type. The slipping is effected by loosening the 
grip of the holder until the electrode slides by its own weight. 
This manipulation of the electrode may also be effected from a 
place situated at some distance from the furnace. Slipping of the 
electrode is carried on under full load. The current is main- 
tained during slipping by means of a sliding contact between the 
holder and the electrode casing. 

Electric -furnace Shells and Linings. — In electric-furnace work 
the container of the furnace is always sheet steel or cast iron, 
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refractory lined, the type of refractory used depending upon the 
furnace operations. The refractory may be acid, such as silica 
in the form of silica brick or ground material mixed with a binder 
and tamped into place; or basic, when it is either magnesite, 
dolomite, or in some caSes chromite. Various other refractories 
may be used, such as those of the clay type or the aluminous 
refractories and in special cases SiC materials. For preventing 
large heat losses, insulators may be of aid, but they are never 
exposed to the furnace bath. They are fireclay, diatomaceous 
earth, kieselguhr, magnesia, asbestos compositions,, or other 
special products. In cases where other materials fail as the 
result of high temperatures, the temperatures exceeding the 
point where the refractory gives satisfactory load service or else 
the melting point of the refractory being exceeded and reducing 
conditions maintained in the furnace, carbon refractories find 
application. They are in the form of preshaped blocks or they 
may be rammed in place. For the base of electrical resistance 
furnaces, particularly of the graphite, SiC, and electrode-baking 
furnaces, ground-brick grog or gannister is employed. The side 
walls and heads of such furnaces are built of high-quality, clay- 
refractory brick. For insulating materials in such furnaces the 
usual substances cannot be employed, in that they would con- 
taminate the charge of the furnace. Insulation is therefore 
obtained by the use of relatively thick layers of finely ground 
carbonaceous materials such as those made from petroleum coke 
or low-ash anthracite, calcined before use. 

Furnace linings have as their function the holding of the 
charge and the retaining of the heat in the furnace, preventing 
its loss. Desirable furnace-lining properties are (1) high melting 
point, (2) resistance to abrasion, (3) mechanical strength both 
at ordinary and at the operating temperatures of the furnace, 
(4) low coefficient of expansion, (5) low thermal conductance, and 
(6) resistance to disintegration as the result of sudden tempera- 
ture changes and slagging action. The term “refractory 7 ' 
includes all these properties. No one material has them all to 
as high degree as desired. For example, high melting point is 
usually associated with relatively high thermal conductivity. 
Refractories of low electrical conductivity are usually desirable 
for furnace walls and roofs. Some of the less common types of 
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steel furnaces depend upon having a refractory at the bottom 
which is a good electrical conductor. 

Carbon has the highest melting point (ca. 3500°C.) of the 
possible materials useful as refractories, but it is limited to 
reducing atmospheres. It is a good thermal and electrical con- 
ductor. Zirconium oxide, having a melting point above 2600°, 
is chemically inert, withstanding the action of fused alkalies 
and fused silica. It has a low coefficient of expansion (8.4 X 
10~ 7 ) and a high electrical and thermal resistance. It has the 
disadvantage of being relatively expensive. Magnesite in the 
form of pure magnesia has a melting point pf 2800°C., but 
the impure magnesite of commerce melts at about 2160°. 7 
The porosity of magnesite refractories is fairly high, being 25 to 
30 per cent. 8 The density of. dead burnt magnesite is about 3.5, 
that of fused MgO 3.58. The bulk specific gravity of brick is 
2.6 to 2.75. Bleininger states that magnesite bricks do not 
resist sudden temperature changes well and show a decided 
tendency to spall under such conditions. This type of refrac- 
tories in contact with clay is attacked vigorously by the latter 
at furnace temperatures. Silica materials attack it likewise, 
although less violently. Carbon also reacts with magnesia at 
high temperatures, as does phosphorus. 

Highly burnt impure dolomites are a cheaper refractory which 
replace magnesite but do not equal it in its refractory qualities. 
Silicon carbide in its crystalline form dissociates at about 2240°C. 
It does not fuse or soften below this point but under oxidizing 
conditions decomposes to a considerable extent. Silicon carbide 
refractories are useful for their high thermal conductivity, 
their low coefficient of expansion, rigidity and mechanical 
strength. The porosity of SiC products varies between 15 and 
20 per cent, and the bulk specific gravity is from 2.1 to 2.5. It 
resists load conditions at furnace temperatures (1400 to 1450°C.) 
without any appreciable deformation. It is made in bricks 
through the interlocking of crystals as the result of refiring in 
electric furnaces, or by the use of bonding materials. It is a 
reducing agent for metallic oxides at high temperatures. It is 

7 Kanolt, Natl. Bur. Standards (U.S.) Tech. Paper 10. 

8 Chapter by A. V. Bleininger in Liddell's “Handbook of Chemical Engi- 
neering,’^ Vol. I, p. 510, McGraw-Hill Book Company. Inc., New York, 1922. 
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decomposed by iron and its slags and by lead oxides. It is 
attacked by NaaCOs and alkali sulphates or hydrates, by sodium 
silicate at 1300°, slightly by MgO at 1800°, and by fused borax 
or fused cryolite. Silicon carbide “ veneer” bricks are made 
consisting of a layer of SiC on high-grade clay refractories. 

Because of its high fusion point, 2050°C., alumina is inherently 
an excellent refractory. It has the disadvantage of showing 
a large contraction upon heating. A similar situation exists 
in the case of the aluminum ore, bauxite, which must be com- 
pletely calcined before it can be used for furnace linings. Bused 
alumina brick has shown much longer life on furnace roofs 
than silica brick, when not exposed to lime vapors such as occur 
on a basic steel furnace slag. As the silica content of alumina 
mixtures increases, the fusion point decreases until a compound 
of the composition Al 2 0 3 'Si 02 is formed, melting at a tempera- 
ture of 1816°C. and corresponding in composition to the mineral 
sillimanite. The melting point of bricks made from a bauxite- 
clay mixture corresponding to sillimanite composition melts at 
about 1790°C. 9 Spinel, Mg 0 *Al 2 03 , melts at about 2130°C. In 
certain sections of electric furnaces, bricks of this material give 
better service than magnesia or magnesite. 

Silica exists either as quartz melting below 1470°, crysto- 
balite melting at 1625°, or tzidymite. Three kinds of silica brick 
are made. The first is of high silica content (96 per cent) with 
lime as a binder; the second is of lower silica content with clay 
as a binding material; and the thiz-d is a natural bzdck molded 
direct from natui’al rock of mixed quartzite. Silica bricks with- 
stand load conditions satisfactoi’ily, even at tempera tures up to 
1500°C. under a pressure of 50 lb. per sq. in. As a whole, 
their resistance to slagging action is not great because of their 
high porosity and acid character. They show a greater tendency 
to crack or spall upon chilling or rapid heating than do clay 
refractoiies. The clay-bonded silica brick are less refractory 
than those which are lime bonded. The high silica content 
brick expand considerably on heating, due to the inversion point 
of quartz at 575°C. which is accompanied by a volume increase. 
They are good heat insulators and are lined for electric-furnace 
roofs. 


!) KanoIjT, lor. rit. 



MATERIALS OF CONSTRUCTION 

¥ , 

Chromite bricks are made from chrome-i^ 
to 40 per cent Cr 2 0 3 or better. They have 
about 2180°C. and are difficult to sinter. 

tories are employed in furnaces as partings or separation layers 
between silica and magnesite bricks. They are considered 
neutral as regards chemical reactions. They are excellent con- 
ductors of heat, and show a fairly high coefficient of thermal 
expansion. 

The purest type of clay is that represented by carefully washed 
kaolin, Al 2 03‘2Si02*2H 2 0, melting at 1750°. The clays from 
which brick are made may be subdivided into flint clays corre- 
sponding in composition to the best grades of kaolin, siliceous 
clays showing a higher content of silica than kaolin, and plastic 
clays. The melting point of flint-clay refractories may be taken 
as between 1600 and i680°C., of siliceous clay brick 1580 to 
1630°, and of plastic clays 1500 to 1600° in the case of first-grade 
refractories. 

The most important electric-furnace linings from the view- 
point of all-round utility and cheapness are those of silica, dolo- 
mite, magnesite (either as brick or as material rammed in place), 
and carbon. The last may be put into the furnace bottom 
either in paste form, in which case it is in a plastic condition and 
may be made to conform to the furnace shell, or as preshaped 
blocks. These may be of either amorphous carbon or graphite. 

Conductors and Busbars. — Electrochemical plants require 
heavy busbar equipment. A busbar, as the term is usually 
applied, means an electrical conductor arranged to receive the 
current from one or more incoming circuits and to deliver it to 
one or more outgoing circuits. Busbars at centers of distribu- 
tion, such as powerhouses and substations, serve to facilitate 
switching of the current from one source of supply to another 
and to change the amount supplied to any particular circuit or 
load point. Electrolytic plants probably represent the largest 
concentrated current loads in existence. 

Hard-drawn copper and hard-drawn aluminum are the usual 
materials for busbars. The electrical properties of these two 
materials are given in Table LXXIII. In America aluminum has 
been used more extensively for high-tension transmission lines 
than for busbars, but in England and some European countries 
the reverse is true. 
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Table LXXIII. — Properties op Busbars 


Characteristic 


Copper, hard. 


Aluminum, hard 


Conductivity at 20 deg. C 99 per cent 1 * 2 

Resistivity at 20 deg. C 1.742 microhms/cm. 3 

Resistance, temperature coefficient at 20 

deg. C 0 . 00393/deg. C. 

Density at 20 deg. C 8.89 g./cm. 3 

Length, temperature coefficient at 20 deg. 

C 0.0000 167/deg. C. 

Change in. resistivity with change in tern- 0.0070 microhm/ 
perature 3 cm. 3 / cleg. C. 


60.97 per cent 1 
2.828 microhms/ cm. 8 

0.00403/deg. C. 

2.703 g./cm. 3 ' 

0.000023/deg. C. 
0.0115 microhm/ 
cm.ydeg . C. 


1 International Annealed Copper Standard. 

2 While a conductivity of 97 per cent of the International Annealed Copper Standard is 
generally used for hard-drawn copper wires of comparatively small cross section, it is com- 
mon practice to assume as high as 99 per cent conductivity for hard-drawn copper busbars. 

3 The value for the change in resistivity with change in temperature is the sum of the 
resistance-temperature coefficient and the length-temperature coefficient, multiplied by the 
resistivity at 20°C. 


The object of any electrical conductor is to transmit current 
with the smallest loss economically possible, and since the loss 
in the conductor is proportional to its length, the c.d. in short- 
length busbars may usually be higher than in long transmission 
lines. The limiting condition in a transmission line is the voltage 
drop or energy loss; in a busbar it is usually the temperature rise. 
However, since economical conditions always involve a balance 
between an investment to prevent loss and the value of the 
power saved, it may well be, in the case of large stations involving 
a heavy current value, that the energy loss in the busbars may 
be limited by the voltage drop rather than the temperature rise. 

The voltage drop in any conductor is directly proportional to 
its length, directly proportional to its resistance, inversely 
proportional to its conductivity, and inversely proportional to 
its cross section. Therefore, if we consider two conductor 
bars, one of hard-drawn copper and the other of hard-drawn 
aluminum, each of exactly the same length, shape, and cross- 
section area, then, with the same current flowing iri each, the 
voltage drop in the aluminum will be greater than the drop in the 
copper in the proportion that the conductivity of copper bears to 
that of aluminum, viz . , 99.00/60.97 = 1.6237. Assuming alumi- 
num and copper bars having cross sections of the same area and 
shape, the voltage drop in the aluminum will be 62.37 per cent 
greater than that in the copper bar for the same current. 
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The temperature rise of a conductor is proportional to the 
energy loss, and this is equal to the square of the current multi- 
plied by the resistance. In two bars, one of aluminum and the 
other of copper, of the same length and cross section and for the 
same temperature rise, the current will have the following 
proportions : 

I 2 (A1) 60.97 J(A1) __ = , 77 

7 2 (Cu) 99.00 J( Cu) \ 99.00 " 

On this basis, the area of an aluminum bar to give the same 
temperature rise as a copper bar with the same current should 
be approximately 27.4 per cent greater than that of the copper. 
However, since the temperature of 'a conductor is not only 
dependent upon the rate of energy expended but also upon the 
rate of dissipation of heat from its surface, the above ratio is too 
large. 

For a temperature rise of 30°C. above an air temperature 
not exceeding 40° C., the following formula gives the current- 
carrying capacities for single aluminum and copper flat bars and 
round rods (hard drawn). This formula is based on bars painted 
with a dull black paint of high heat emissivity. For brightly 
planished bars these values of current should be reduced from 
20 to 25 per cent. 

The general formula for flat bars (long axis vertical) and round 
rod is 


I = a X 27.0 


tE)r 


where p is the perimeter of bar in centimeters, a is the cross- 
section area in square centimeters, r is the resistivity of the 
metal in microhms per centimeter cube at temperature of the 
surrounding air, t is the resistance-temperature coefficient of the 
metal, I is the current in amperes after stable conditions have 
been attained, and E is the temperature excess of the surface of 
the metal above that of surrounding air. By substituting the 
values of r at 40°C., and the values of t and E , the following 
formulae are obtained: 

Flat Bars Round Rods 

For Al, I = 122.39p°- 43 Va For Al, I = 210.9a 0 - 7 ' 5 

For Cu, I = 152.53p°- 43 v / a For On, 7 = 262.8a 0 - 7 ' 6 
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From the application of these formulae it results that, for flat 
bars of the same width, the aluminum bar has approximately 
33 per cent greater thickness than the copper. For round bars 
the aluminum bar is 7 per cent greater in diameter than the 
copper bar. Since the area of a rectangular aluminum bar is 
approximately one-third greater than a copper bar for the same 
temperature rise, it therefore weighs only 41 per cent of the 
copper bar. 



CHAPTER XXVIII 

POWER GENERATION AND ECONOMICS 

From the electrical viewpoint, the power load for electrochemi- 
cal processes is almost an ideal one, in that it is ordinarily 
continuous 24 hr. of the day and every day in the year. In 
electrolytic work the voltage per unit tank or cell is low; for ex- 
ample, copper refining, multiple system 0.2 to 0.4 volt per tank, 
nickel refining 2.4 to 2.5, electrowinning of copper 1.0 to 2.4 and of 
zinc 3.5 to 3.7, chlorine 4.1 to 4.3, aluminum 5.5 to 7, magnesium 
6 to 9. The amperage is relatively high. A sufficient number 
of units are connected in series in order that machines of stand- 
ard voltages may be employed. Such a situation is commonly 
found in electrorefining and electro winning of metals, the 
electrolysis of salt solutions for the production of chlorine and 
caustic, and the manufacture of metals such as aluminum, mag- 
nesium, and sodium from fused salts. 

Direct-current Power Generation. — It is estimated that over 
200,000-kw. capacity represents the annual purchase of d.c. 
machines for electrolytic service. Direct-current power can be 
obtained in several ways : 

I. Purchased a.c. converted to d.c. by: 

1. Synchronous converters. 

2. Motor-generator sets. 

3. Rectifiers. 

II. Generated power : 

1. Alternating-current generation and conversion as for purchased 
power. 

2. Direct-current generation. 

а. Geared steam turbines. 

б. Steam engines. 

c. Diesel engines. 

d. Hydro stations. 

The bulk of d.c. power is obtained from synchronous converters 
or motor-generator sets, although a few geared steam turbines are 
in operation. 


003 
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In 1929 a Canadian company made the first large installation 
of mercury-arc rectifiers for electrochemical work. The equip- 
ment was rated 16,800 kw. at 560 volts. The use of mercury-arc 
rectifiers for this work has been successful. It is estimated that 
over 157,000 kw. of mercury-arc rectifiers are installed in the 
United States and 120,000 kw. in Canada. 

Mercury-arc rectifiers are used in the electrolytic production 
of chlorine, hydrogen, hydrogen peroxide, aluminum, zinc, and 



Fig. 224.— A 55,000-kva. rectifier at the Alcoa works of the Aluminum Company 
of America. ( Courtesy Chemical I nduetries.) 


other metals. Because the transformers, and in some cases the 
a.c. switchgear which represents a large proportion of the total 
rectifier equipment, may be installed outdoors, building costs, 
foundation expense, etc., are materially reduced as compared 
with those necessary for other forms of conversion equipment. 
There are no continuously moving, heavy current-carrying parts j 
hence, maintenance on rectifiers is low, particularly in the pres- 
ence of corrosive atmospheres. 

Switchgear equipment and control systems for use with recti- 
fiers have been highly developed and are easily adapted to meet 
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various operating conditions. The installations made have been 
justified on the basis of installed first cost and decreased operating 
expense. Most of the installations have consisted of the so-called 
“multi-anode” tanks operating in the 500- to 800-volt range. 
Figure 224 shows a 55,000-kva. installation at the Alcoa works of 



Fig. 225. — Ignition-type rectifier. ( Courtesy General Electric Company.) 


the Aluminum Company of America supplying power for alumina 
reduction. 

The introduction of the ignitron-type rectifier, shown in 
Fig. 225, should extend the use of mercury-arc rectifiers in the 
low-voltage range because of its improved efficiency as compared 
with that of the multi-anode rectifier. The ignitron-type rectifier 
has been used for several years in the mining and transportation 
fields. 
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C. C. Levy 1 states that, at 1,500 kw. and full-load capacity, the 
over-all efficiencies of the converter, motor-generator set, and 
rectifier are as follows: 


Volts 

Shunt 

converter 

M.-G. set 

Rectifier 

250 

92.3 

89.9 

90 

600 

93.5 

90.3 

94.3 


Requirements of the electrolytic circuits are usually definitely 
known. As a rule a voltage range of 10 per cent plus and minus 
will be ample to meet aH operating requirements. This range 
is easily obtained on the ordinary self-excited generator. 
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Fig. 226. — Efficiency of synchronous converters and motor-generator sets. 

Converter efficiency includes losses of transformer and induction regulator or booster and 
0.3 per cent alternating-current lead loss. Motor-generator set efficiency is based on 100 
per cent power factor for motors. All losses are calculated or measured in accordance with 
the A. I. E. E. rules. The resulting efficiencies are close to the actual efficiencies. 


A comparison, of a.e.' generation followed by conversion to 
d.c., and d.c. generation, shows that the latter has the advantages 
of lower first cost, slightly lower fuel cost, lower labor cost, with 
a possibility of lower maintenance cost, but the disadvantage of 
lack of flexibility when interconnected with other power systems, 
or in the conversion of the plant to other than electrolytic use, 
or when major changes are made in electrolytic circuits. 


1 Ckem. & Met. Eng., 43, 658 (1936). 




POWER GENERATION AND ECONOMICS 


607 


In general, synchronous converters show higher efficiencies 
than do motor-generator sets. This relation is shown in Fig. 226. 



Fig. 227. — Speed of synchronous converters and motor-generator sets. 



Fig. 228. — Prices of synchronous converters and motor-generator sets. 

The converter prices include converter, transformer, and induction regulator or syn- 
chronous booster for a voltage range of plus and minus 5 to 10 per cent. The converters 
are rated at 40 deg. C. rise and the transformers at 55 deg. C. rise. The motor-generator 
set prices include the complete set, but not transformer prices. These machines are rated 
at 40 deg. C. rise, with motors for 100 per cent power factor, three-phase, 00-cyele operation. 


Speeds of the different types of machines are given in Fig. 227 
and prices in Fig. 228. In general, synchronous converters cost 
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Fig. 229. — Synchronous converters in aluminum production; 2,500 kva., 
500 volt, six phase, 60 cycle, 400 r.p.m. ( Courtesy Chemical and Metallurgical 
Engineering . ) 



Fig. 230. Geared turbine direct-current generators in copper refining; 
2,800-kw., 125-volt, two 11,200-ampero generators. ( Courtesy Westiughouse 
Electric and Manufacturing Company.) 
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more than do motor-generator sets. Some typical power plants 
are shown in Figs. 229, 230, and 231. 

Alternating -current Power. — Electric-furnace products and 
electric steel are made by the use of a.c. power. The furnaces 
involve the use ordinarily of multitap transformers with regula- 
tors, controls, instruments, switches, and auxiliary equipment. 
The electric circuits show very high amperage values at moderate 
voltages. For steel furnaces, transformers are usually special, 
while for other purposes, other than large sizes, they ordinarily 
involve no unusual features of design. 



Fig. 231. — Motor-generator sets in electrolytic service; 3,840-kw. 320-volt 
generators with 6,600-volt, 25-cycle, three-phase, 500-r.p.m. motors. 


In contradistinction to electrolytic work where the units are 
connected in series because of the low voltage per tank or cell, in 
electrothermal work there is a separate electrical circuit for each 
furnace. Furnace voltages are in the range of 50 to perhaps 
250 volts. When the equipment is intermittently operated, a 
number of units are so connected that one of them is always 
consuming the output of the transformer. The transformer is 
thus in constant use. Electric steel furnaces are an exception 
to this rule, in that they are often intermittently operated. 

Power Cost of Electrochemical Products. — Power cost is an 
important factor in all electrolytic or electrothermal products. 
Figure 232 shows the power cost in cents per pound of metal at 
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varying power costs (in cents per kilowatt-hour) for the electro- 
lytic and electrowinning industries, while Fig. 233 gives similar 
data for the electric-furnace products and Fig. 234 for the fused 



0.1 0.3 0.4 0.5 0.6 0.1 0-8 0.9 10 

Power- Cents perKw.-Hrr 
Fig. 232. — Power costs for metal production. 


electrolytes. The curves are plotted from the power consump- 
tions for these products tabulated in Table LXXIV. 

Some typical power costs at various localities are given in 
Table LXXIV. Unless otherwise stated, the generation of power 
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is in hydroelectric plants. In the United States, electrolytic and 
electrothermal plants, with the exception of copper refineries, are 
located where electric energy is available at low cost, at centers 
like Niagara Falls, N.Y. ; Niagara Falls, Ont. ; Massena, N.Y.; 
Keokuk, Iowa; Sault Ste. Marie, Mich.; Knoxville and Alcoa, 



Fla. 233. — Power costs for electric-furnace px*odnets. 

Tenn. ; Badin, N.C.; Charleston and the Kanawha Valley, 
W. Va.; and Tacoma, Wash. The relation of cost of power to 
price of product is given in Table LXXV . 2 

Power for Electroplating. — In the special case of electroplating 
where power is a relatively unimportant cost, the terminal e.m.f. 

2 Federal Power Commission Report on Power Requirements in Electro- 
chemical, Electrometallurgical, ami Allied Industries, 1938. 
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Table LXXIV.— Energy Consumption of Electrochemical Products 


Industry and product 


Kilowatt-hours 
per pound 


Pounds per 
kilowatt-hour 


Voltage per 
tank, cell, 
or furnace 


Electrolytic refining: 

Copper, multiple system 0, 

Copper, series system 0 . 

Lead 0 . 

Tin 0. 

Nickel 1, 

Iron 1 , 

Gold 0. 

Silver, Moebius 0. 

Silver, Thum 0 . 

Electrowinning : 

Copper 1 

Zinc 1 . 

Cadmium 0. 

Fused electrolytes: 

Aluminum 10 

Magnesium, chloride 8 

Magnesium, oxide 14 

Sodium 7. 

Calcium 22 

Beryllium 55 

Electric-furnace products: 

Ferrosilicon, 50 per cent 2 

Ferromanganese, 80 per cent 1. 

Ferrochromium, 70 per cent 2 

Ferromolybdenum, 50 per cent 3 

Ferrotungsten, 70 per cent 1. 

Ferrovanadium 2 

Zinc 1 . 

Silicomanganese 2 

Carbon bisulphide 0 

Phosphorus 4 

P 2 0 5 2. 

Graphite 1 . 

Silicon carbide 3. 

Calcium carbide 1. 

Fused alumina 1 

Steel, cold charge 0, 

Steel, hot charge 0. 

Aqueous electrolytes: 

Chlorine, mercury cells 1. 

Chlorine, diaphragm cells 1. 

Caustic, mercury cells 1 

Caustic, diaphragm cells 1 


09 - 0.16 

6.3 -11 

0.18- 0.4 

074 

13.5 

16 - 18 

04 - 0.05 

24 

0 . 35- 0 . 6 

085 

11.8 

0.3 - 0.35 

1 

0.9 

2.4 - 2.5 

8 - 2.0 

0.5 - 0.55 

4 - 4.4 

15 

6.6 

1.3 - 

31 

3.2 

2.7 

41 

2.4 

3 - 3.5 

- 1.5 

0.67- 1.0 

1.9 - 2.4 

- 1.56 

0.64- 0.7 

3.5 - 3.7 


1.25 

2.6 

-12 

0.0S- 0.1 

5.5 - 7 

-13 

0.08- 0.125 

6-9 

-25 

0.04- 0.07 

9 - 16 

- 7.3 

0.13- 0.14 


-24 

0.04 



0.18 

38 

- 3.5 

0.28- 0.5 

75 -150 

- 3 

0.33- 0.67 

90 -115 

- 3 

0.33- 0.5 

90 -120 

- 4 

0.25- 0.33 

50 -150 

- 2 

0.5 - 0.67 

90 -120 

- 3.5 

0.28- 0.5 

150 -250 

- 1.4 

0.7 - 0.83 

250 -275 

- 3 

0.33- 0.5 

90 -120 

- 0.5 

2 - 2.5 

60 

— 5.5 

0. 18- 0.25 


- 2.3 

0.43- 0.45 


- 2.0 

0.67 

80 -200 

- 3.85 

0.26- 0.31 

75 -230 

- 1.4 

0.71- 0.77 


- 1.5 

0.67- 1 

100 -110 

25 - 0.4 

2.5 - 4 

75 -150 

05 - 0.2 

5 -20 



0.62 

4.1 - 4.3 

3 - 1.6 

0.62- 0.76 

3.4 - 4.2 

45 

0.69 

4.1- 4.3 

16 - 1.43 

© 

00 

o 

00 

© 

o 

3.4 - 4.2 


of a plating tank is low and electroplating generators are built to 
supply either 6- or 12-volt high-amperage current. The capacity 
and cost per kilowatt relation of motor-generator sets are given in 
Fig. 235. The upper curve gives the cost to the user of standard 
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Table LXXVI. — Typical Power Costs 

Cents per 
Kilowatt-hour 


New York Harbor (steam) 0.67—1.3 

Norway 0.1 —1.5 

Sweden 0.1 —1.5 

Switzerland 0.3 

French. Alps 0.1 7—0 . 3 

England 0.4 —0.5 

Scotland 0.3 —0.5 

Germany (brown coal) 0.38 

Niagara Falls 0 . 3 up 

Massena, N.Y 0.36 

Alabama (steam) 0 . 38-0 . 6 

Tennessee (steam) 0.38—0.6 

California (steam) 0 . 38—0 . 6 

Ontario, Canada 0.15—0.4 

Shawinigan, Que. , Canada 0.1 5-0 . 2 

Arvida, Que., Canada 0.1 —0.15 


size 6-volt motor-generator sets, including starting equipment 
but not including exciters commonly used on all sizes 12 kw. and 
larger. Where more than 6 volts are required, it is customary 
to connect the two commutators of a generator in series and 



Fig. 23(3. — Power factor and efficiency cum* of a 500-amp., 0-volt copper oxide 
rectifier after 0 months’ service. 
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operate at volts. From about 6 kw. up to the maximum 
sizes the cost of the 12-v single-commutator machines is 
approximately 85 per cent of that of the 6-volt units. ~ 
dotted-line curve gives the relation between shop cost 
generator only and capacity, but does not include generator base, 
couplings, motor, and manufacturing overhead. 

Copper oxide plate-type rectifiers, consisting of one-, two-, or 
three-phase power transformer to transform a.c. to low voltage 
with an air-circulating fan and a rectifying unit consisting of a 
large number of rectangular Cu 2 0 rectifier plates, have found 
employment for electroplating operations where they replace 
motor-generator sets. Figure 236 shows the power factor and 
efficiency curve of a 500-amp., 6-volt Cu 2 0 rectifier after 6 
months' service. 



APPENDIX 

ELECTROCHEMICAL EQUIVALENTS 

The electrochemical equivalents of the elements are tabulated. 
The use of the table has been simplified in that not only the 
ordinary valences of the elements are included; but also the 
changes of valence which occur in oxidation-reduction reactions. 
For example, while iron exhibits the valence of 2 or 3, in the 
reduction of ferric to ferrous iron there is a valence change of 1. 
In the table, valence changes of 1, when they are not a normal 
valence or normal valence change of the element, are indicated 
as n. The calculations in Table LXXVII are based on the 
1938 atomic weights, being the work of G. A. Roush. 1 Table 
LXXVIII gives the atomic numbers, atomic weights, and isotopes 
of the elements. 

1 Trans. Electrochem . Soc., 73, 290 (1938). 
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Table LXXVII. — Electrochemical Equivalents of the Elements 



Sym- 

1 Atomic Val. or 

Mg./ 

Cou- 

G./ 

Amp. -hr. 

Lb./l.OOO 

Amp.-hr. 

Element 

bol 

weight shg.val. 

coulomb 


amp. -hr. 

/g- 

amp.-hr. 

/lb. 

Actinium. . 


227i 

0.78 411 

i.27 5§§| 

2.82 280 

0.35 426 

0.22 320 

160.689 



2.35 23§ 

0.42 51 1 1 

8.46 839 

0.11 809 

|l8.66 1961 

53.563 

Alabamine. 

Ab 

221^ 

0.32 717 

3.05 656 

1.17 779 

0.84 904 

2.59 656 

385.120 




0.45 803 

2.18 326 

1.64 89l 

0.60 646 

3.63 523 

275.086 




0.76 339 

1.30 995 

2.74 819 

0.36 388 

6.05 87l 

165.052 




1.14 508 

0.87 330 

4 

0.24 258 

9.08 807 

110.0S4 



2.29 0l6 

0.43 665 

8.24 456 

0.12 129 

18.17 6l4 

55.017 

Aluminum . 

A1 

26.97 

0.09 316 

10.73 415] 

0.33 538 

2.98 171 

0.73 938 

1352.480 



0.27 948 

3.57 805| 

1.00 61§ 

0.99 390 

2.21 8l5 

450.827 

Antimony. 

Sb 

121.76 

0.25 235 

3.96 272 

0.90 847 

1.10 075 

2.00 283 

499.294 




0.42 059 

2.37 763 

1.51 4lT 

0.66 045 

3.33 805 

299.576 




0.63 088 

1.58 509 

2.27 117 

0.44 030 

5.00 707 

199.717 




1.26 176 

0.79 254 

4.54 234 

0.22 015 

10.01 4l5 

99.858 

Argon 

A 

39.944 

0.41 393 

2.41 58§| 1.49 011 

0.67 108 

3.28 519 

304.396 

Arsenic 

As 

74.91 

0.15 254 

6.44 106|0.55 891 

1.78 91§ 

1.23 219 

811.560 




0.25 876 

3.86 464 0.93 152 

1.07 351 

2.05 366 

486.936 




0.38 813 

2.57 642jl.39 729 

0.71 567 

3.08 049 

324.624 




0.77 627 

1.28 821 2.79 457 

0.35 784 

6.16 097 

162.312 

Barium. . . 

Ba 

137.36 

0.71 171 

1.40 507 2.56 216 

0.39 030 

5.64 858 

177.03B 




1.42 342 

0.70 253 

5.12 431 

0.19 515 11.29 7l7 

88.518 

Beryllium . 

Be 

9.02 

0.04 674 

21.39 688 

0.16 825 

5.94 358 

0.37 092 





0.09 347 

10.69 844 

0.33 650 

2.97 179 

0.74 185 

1341081 

Bismuth. . , 

Bi 

|209.00 

0.43 316 

2.30 861 1.55 938 

0.64 128 

3.43 784 

290.880 



0.72 193 

1.38 517 2.59 896 

0.38 477 

5.72 97§ 

174. 52§ 




1.08 290 

0.92 345 3.89 845 

0.25 651 

8.59 460 

116.352 




2.16 580 

0.46 172|7.79 680 

0.12 826 

17.18 920 

58.176 

Boron 


10.82 

0.02 242 

44.59 3^7|0.08 073 

12.38 704 

0.17 798 

5618,669 



0.03 737 

26.75 

). 13 455 

7.43 223 

0.29 662 

3371.201 




0.05 606 

17.83 735 0.20 182 

4.95 482 

0.44 495 

2247.467 




0.11 212 

8.91 867 0.40 305 

2.47 741 

0.88 989 

1123.734 

Bromine. . 

Rr 

79.910 

0.11 831 

8.45 203 

0.42 590 

2.34 795 

0.93 896 

1065.013 




[0.13 802 

7.24 511 

0.49 689 

2.01 252 

| 1.09 545 

912.868 




0.16 563 

6.03 755 

0.59 626 

1.67 708 

1.31 454 

760.724 




0.20 704 

4.83 007 

0.74 533 

1.34 169 

| 1.64 317 

608.579 




0.27 605 

3.62 255 

0.99 377 

1.00 626 

2.19 090 

456.434 




0.41 407 

2.41 504 

1.49 066 

0.67 084 

3.28 634 

304.289 




0.82 815 

1.20 752 

2.98 132 

0.33 54: 

6.57 2f39 

152.145 

Cadmium . 

Cd 

112.41 

0.58 244 

1.71 693 2.09 677 

0.47 692 

4.62 258 

216.329 




1.16 487 

0.85 846 4.19 353 

0.23 846 

| 9.24 516 

108.165 
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Table LXXVII. — Electrochemical Equivalents op the Elements. — 
(Continued) 



Sym-| 

Atomic 

Val. or Mg./ 

Cou- 

G./ 

Amp. -hr. Lb./ 1,000 

Amp.-hr. 

Element 

bol 

weight 

chg.val. coulomb 

/mg. 

a nap. -hr. 

amp.-hr. 

/lb. 

Calcium 

Ca 

40.08 

0.20 767 

4.81 537 

0.74 761 

1.33 760 1.64 8l9 

606.726 




0.41 534 

2.40 768 

1.49 521 

0.66 880 3.29 638 

303.363 

Carbon 


12.010 

0.03 111 

32.13 989 

0.11 20I 

8.92 775 0.24 694 

4049.558 




|0.06 223 

16.06 994 

0.22 402 

4.46 387 0.49 388 

2024.779 




|0.12 446 

8.03 497 

0.44 804 

2.23 194 0.98 770 

1012.390 

Cerium 

Ce 

140.13 

0.36 303 

2.75 459 1.30 69l 

0.76 516 2.88 125 

347.072 




|0.4S 404 

2.06 594 1 1.74 255 

0.57 387 3.84 166 

260.304 




1.45 212 

0.68 865,5.22 765 

0.19 129 11.52 499 

86.768 

Cesium 


132.91 

1.37 731 

0.72 606 

4.95 830 

0.20 1 68 1 10.93 ll§ 

91.481 

Chlorine .... 

Cl 

35.457 

|0.05 248 9 19.05 124 

Oil 8 896 

5.29 201 0.41 659 

2400.417 




0.06 123 8 16.32 964 

0.22 046 

4.53 601 0.48 603 

2057 556 




0.07 348 6 13.60 803 

0.26 455 

3.78 001 0.58 323 

1714.583 




0.09 185 8 10.88 642|0.33 069 

3.02 401 0.72 904 

1373.667 




0.12 248 

8.16 482|0.44 092 

2.26 801 0.97 205 

1028.750 




0.18 372 

5.44 321 0.66 137 

1.51 200 1.45 808 

685.833 




0.36 743 

2.72 16l|l.32 275 

0.75 600 2.91 616 

342.917 

Chromium. . 

Cr 

52.01 

,0.08 983 

10.13 247 

0.32 : 

3.09 235 0.71 293 

1402.668 




,0.13 474 

7.42 165 

0.48 507 

2.06 157 1.06 939 

935.112 




0.17 96§ 

5.56 624 

0.64 676 

1.54 618 1.42 585 

701.334 




0.26 948 

3.71 082 

0.97 013 

1.03 078j 2.13 878 

467.556 




j0.53 896 

1.85 54l 1.94 027 

0.51 539 4.27 756 

233.778 

Cobalt 


58.04 

0.20 359 

4.91 177|0.73 287 

1.36 450 1.61 570 

618.925 




0.30 539 

3.27 452 

1.09 931 

0.90 966 2.42 356 

412.617 




0.61 078 

1.63 726 2.19 86T 

0.45 483 4.84 711 

206.308 

Columbium. . 

Cb 

92.91 

0.19 256 

5.19 320j0.69 32l 

1.44 255 1.52 828 

654.332 




0.24 070 

4.15 456 0.86 652 

1.15 404 1.91 035 

523.466 




0.32 093 

3.11 592 1.14 702 

0.86 555 2.54 713 

392.599 




0.48 140 

2.07 72§|l.73 304 

0.57 702 3.82 069 

261.733 




0.96 280 

1.03 864 3.46 607 

0.28 85l 7.64 138 

130.866 

Copper 

On I 

03.57 

|0.32 938 

3.03 60iy 

1.18 576 

0.84 334 2.61 416 

382.532 




0.65 876 

1.51 80 1! 

2.37 152 

0.42 167 5.22 831 

191.266 

Dysprosium . 

D ‘ V 

102.46 

0.56 069 

1.78 351 2.01 849 

0,49 542 4.44 901 

224.886 




1.68 207 

0.59 450 

6.05 547 

0.16 514 13.34 002 

74.962 

Erbium .... 

Er 

107.2 

0.57 755 

1.73 145 

2.07 917 

0.48 096 4.58 378 

218.160 




1.73 264 

0.57 715 

6.23 751 

0.16 032 13.75 135 

72.720 

Europium . . 

Eu 

152.0 

'0.52 504 

1.90 461 

1.89 0l(5 

0.52 906 4.16 708 

241.911 




1.57 5l3 

0.63 487 

5.67 047 

0.17 635| 12.40 124 

80.637 
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Ta-rt/tc LX XVII. — Electrochemical Equivalents of 

1 the Elements.- 





{Continued) 




Element 

Sym- 

bol 

Atomic Val. or 
weight ihg. val. 

Mg./ 

coulomb 

C°u- Q/ 

1 “ mbs amp.-hr. 
/mg. 

Amp.-hr. 

/g- 

Lb. /I, OOO 
amp.-hr. 

Amp.-hr. 

/lb. 

Fluorine 

. F 

19.00 

'.19 689 

5.07 895 .70 881 

1.41 082 

1.56 265 

639.93? 

Gadolinium. . . . 

. Gd 

.56.9 

'.54 179 

1.84 572 .95 046 

0.51 270 

4.30 002 

232.737 




.62 538 

0.61524 -.85 13? 

0.17 090 

.2.90 007 

77.579 

Gallium 

. Ga 

69.72 

.24 083 

4.15 232 >.86 69§ 

1.15 342 

1.91 137 

523.184 




t.36 124 

2.76 822 1.30 048 

0.76 895 

2.86 706 

348.789 




D.72 249 

1.38 411 1.60 095 

0.38 447 

5.73 4l2 

174.395 

Germanium .... 

. Ge 

72.60 

0.18 808 

5.31 680, i.67 710 

1.47 689 

1.49 275 





0.37 617 

2.65 840 1.35 420 

0.73 845 

2.98 549 

334.953 




0.75 233 

1.32 920 2.70 839 

0.36 922 

5.97 099 

167.476 

Gold 

- Au 

197.2 

0.68 11? 

1.46 80512.45 223 

0.40 779 

5.40 024 

184.97:2 




1.02 176 

0.97 875 3.67 834 

0.27 186 

8.10 936 

123.314 




|2.04 352 

0.48 93g|7.35 668 

0.13 593 16.21 87l 

61.65? 

Hafnium 

. Hf 

178.6 

0.46 269 

2.16 125|l.66 575 

0.60 035 

3.67 223 

272.313 




1.85 078 

0.54 03l|6.66 2§5 

0.15 009 14.68 895 

68.078 

Helium 

. He 

4.003 

0.04 148 2 24.10 692 ! 0.14 933 

6.69 6§7 

0.32 923 

3037.421 

Holmium 

, Ho 

163.5 

0.56 477 

1.77 055 2.03 316 

0.49 185 

4.48 255 

223.09? 




1.69 430 

0.59 021 6.09 94§ 

0.16 395 13.44 705 

74.366 

Hydrogen 


1.0081 

0.01 044 

95.72 465 0.03 700 8 26.59 018 

0.08 291 

12061.155 

Deuterium*.. . 


2.01471 

0.02 087 8 47.89 7?T 0.07 516 0 13.30 492 

0.16 570 

6035.011 

Illinium 



0.50 432 

1.98 288 2.72 332 

0.55 080 

3.90 25S 

272.539 




1.51 295 

0.66 096, 5.44 663 

0.18 360 11.00 765 

90.846 

Indium 

In 

114.76 

0.39 641 

2.52 266 1.42 707 

0.70 074 

3.14 612 

317.845 




1.18 922 

0.84 089 4.28 125 

0.23 358 

9.43 843 

105.950 

Iodine 


126.92 

0.18 790 

5.32 225 0.67 641 

1.47 840 

1.49 122 

670.593 




0.21 921 

4.56 193 0.78 914 

1.26 720 

1.73 976 

574.794 




10.26 305 

3.80 1BI 0.94 697 

1.05 60C 

2.08 771 

478.995 




|0.32 881 

3.04 129 1.18 37 1 

0.84 48C 

2.60 903 

383.196 




0.43 841 

2.28 096 1.57 828 

0.63 3 Of 

3.47 951 

287.397 




0.65 762 

1.52 064 2.36 742 

0.42 24C 

5.21927 

191.598 




1.31 523 

0.76 032(4.73 484 

0.21 120 10.43 853 

95.799 

Iridium 

Ir 

193.1 

0.50 026 

1.99 896 1.80 095 

0.55 546 

3.97 038 

251.865 




0.66 70l 

1.49 922 2.40 124 

0.41 659 

5.29 384 





2.00 104 

0.49 974 ; 7.20 373 

0.13 88i 

15.88 T5I 


Iron 

Fe 

55.84 

0.19 288 

5.18 446 jo. 09 438 

1.44 0T? 

1.53 085 

653.230 




0,28 933 

3.45 63C 1.04 158 

0.96 00£ 

2.29 628 

435.487 




0.57 865 

1.72 81£ 2.08 3l5 

0.48 004 

4.59 256 

217.774 
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Table LXXVII. — Electkochemical Equivalents of the Elements. — 
(Continued) 


Element 

Sym- 

bol 

Atomic 

weight 

Val. or 
chg.val. 

Mg./ 

coulomb 

Krypton 

. Kr 

83.7 


iO.86 736 

Lan.th.anum 

. La 

138.92 

|0.47 986 
1.43 959 

Lead 

. Pb 

|207.21 

10.53 681 
1.07 363 
2.14 725 

Lithium 

. Li 

6.940 


10.07 192 

Lutecium 

Magnesium 

. Lu 

. Mg 

175.0 

24.32 


0.60 449 
1.81 347 
0.12 601 
0.25 202 

Manganese 

. Mn 

54.93 


0.08 132 
0.09 487 
0.11 38i 
0.14 230 
0.18 974 
0.28 461 
0.56 921 

Masurium. 

Ma 

97.81 


0.14 478 
1.01 347 

Mercury 

. Hg 

200.61 


1.03 943 
12.07 886 

; 

Molybdenum. . . 

. Mo 

95.95 


0.16 572 
0.19 886 
0.24 858 
0.33 143 
0.49 715 
0.99 430 

Neodymium. . . . 

. Nd 

144.27 


0.49 834 
1.49 503 

Neon 

. Ne 

20.183 


0.20 915 

Nickel 

. Ni 

58.69 


0.20 273 
0.30 409 
0.60 819 

Nitrogen 


14.008 

0.02 903 2 
0.03 629 0 
0.04 838 7 
0.07 258 0 
(0.14 516 


8 


Cou- 

lombs 

/mg. 

G./ 

amp.-hr. 

Amp. 

/g 

-hr. 

Lb. /1, 000 
amp.-hr. 

Amp.-hr. 

/lb. 

1.15 

293 

3.12 

249 

0.32 

m 

6.88 

390 

145.266 

2.08 

393 

1.72 

750 

0.57 

887 

3.80 

849 

262.571 

0.69 

464 

5.18 

251 

0.19 

296 

11.42 

547 

87.524 

1.86 

284 

1.93 

253 

0.51 

746 

1 4,26 050 

234.715 

0.93 

142 

3.86 

506 

0.25 

873 

8.52 

099 

117.357 

0.46 

571 

7,73 

Oil 

0.12 

936 

117.04 

108 

58.679 

13.90 

490 

0.25 

890 

3.86 

24 7 

0.57 

078 

1751.08B 

1.65 

429 

3.26 

425 

0.45 

952 

7.34 

874 

208.437 

0.55 

143 

6.52 

849 

0.15 

317 

14.39 

587 

69.479 

7.93 

586 

0.45 

364 

2.20 

440 

1.00 

010 

999.901 

3.96 

793 

0.90 

727 

1.10 

220 

2.00 

020 

499.951 

12.29 

77§ 

0.29 

274 

3.41 

£ 

0.64 

537 

1549.487 

10.54 

090 

0.34 

153 

2.92 

803 

0.75 

294 

1328.132 

8.78 

409 

0.50 

983 

2.44 

002 

0.90 

352 

1106.777 

7.02 

727 

0.51 

229 

1.95 

202 

1.12 

941 

885.421 

5.27 

045 

0.68 

305 

1.46 

401 

1.50 

587 

664.006 

3.51 

363 

1.02 

458 

0.97 

60T 

2.25 

881 

442.711 

1.75 

682 

2.04 

filS 

0.48 

800 

4.51 

762 

221.355 

6.90 

695 

0.52 

121 

1.91 

860 

1.14 

908 

870.262 

0.98 

671 

3.64 

850 

0.27 

409 

8.04 

356 

124.323 

0.96 

207 

3.74 

195 

0.26 

724 

8.24 

958 

121.218 

0.48 

103 

7.48 

390 

0.13 

362 

16.49 

917 

60.609 

6.03 

439 

0.59 

65§ 

1.67 

622 

1.31 

523 

760.321 

5.02 

866 

'0.71 

590 

1.39 

685 

1.57 

828 

633.601 

4.02 

293 

0.89 

487 

1.11 

748 

1.97 

285 

506.881 

3.01 

720 

1.19 

316 

0.83 

8lT 

2.63 

047 

380.160 

2.01 

146 

1.78 

974 

0.55 

874 

3.94 

570 

253.440 

1.00 

573|3.57 

948 

0.27 

937 

7.89 

141 

126.720 

2.00 

665 

1.79 

403 

0.55 

740 

3.95 

516 

252.834 

0.66 

888 

5.38 

209 

0.18 

580 

11.86 

548 

84.278 

4.78 

125 

0.75 

294 

1.32 

813 

1 

1.65 

995 

602.428 

4.93 

270 

0.72 

982 

1.37 

0l9 

1.60 

899 

621.509 

3.28 

846 

1.09 

474 

0.91 

346j 

2.41 

348 

414.340 

1.64 

423 

2.18 

947 

0.45 

673 

4.82 

690 

207.170 

34.44 

446 

0.10 

452 

9.56 

795 

0.23 

042 

438.995 

27.55 

568 

0.13 

064 

7.65 

436 

0.28 

802 

347.196 

20.66 

676 

0.17 

419 

5.74 

077 

0.38 

403 

260.397 

13.77 

784 

0.26 

129 

3.82 

718 

0.57 

604 

173.598 

6.88 

892" 

0.52 

258 

1.91 

359 

1.15 

209 

86.799 
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Table LXXVII, — Electrochemical Equivalents of the Elements. — 

( Continued ) 


1 


Element 

Sym-j 

Atomic Val. or 

Mg./ 

Cou- 



Amp. 

.-hr. 

Lb./l,000 

Amp.-hr. 

bol 

weight chg. val. 

coulomb 



amp.-hr. 

/g 


amp 

.-hr. 

/lb. 

Osmium 

Os 

190.2 

0.24 

637 

4.05 

889 

0.88 

694 

1.12 

Ill 

1.95 

537 

447.485 




0.32 

850 

3.04 

416 

1.18 

259 

0.84 

560 

2.60 

717 

383.558 



i 

0.39 

420 

2.53 

680 

1.41 

911 

0.70 

467 

3.12 

860 

319.632 




0.49 

275 

2.02 

934 

1.77 

3§9 

0.56 

373 

3.91 

075 

255.706 




0.65 

700 

1.52 

208 

2.36 

518 

0.42 

2801 

5.21 

433 

191.779 




0.98 

549 

1.01 

472 

3.54 

777 

0.28 

187 

7.82 

150 

127.853 




1.97 

098 

0.50 

736 

7.09 

553 

0.14 

093 

15.64 

299 

63.926 

Oxygen. . . 


16.0000 

0.08 

290 2 

1 12.06 

250 0.29 

845 

3.35 

069 

0.65 

796 

1519.850 



0.16 

580 

6.03 

125 0.59 

689 

1.67 

535 

1.31 

592 

759.925 

Palladium . 

Pd 

106.7 

0.27 

642 

3.61 

762 

0.99 

513 

1.00 

4§9 

2.19 

388 

455.812 




0.36 

857 

2.71 

332 

1.32 

684 

0.75 

367 

2.92 

518 

340.850 




0.55 

285 

1.80 

881 

1.99 

026 

0.50 

245 

4.38 

777 

227.906 




1.10 

570 

0.90 

445 

3.98 

052 

0.25 

122 

8.77 

554 

113.953 

Phosphorus. 


31.02 

0.06 

429 

15.55 

448 

0.23 

144 

4.32 

060 

0.51 

025 

1959.832 




0.10 

715 

9.33 

269 

0.38 

574 

2.59 

24 1 

0.85 

04l 

1175.899 




0.16 

07§ 

6.22 

179 

0.57 

861 

1.72 

828 

1.27 

562 

783.933 




0.32 

145 

3.11 

090 

1.15 

722 

0.86 

414 

2.55 

124 

391.966 

Platinum . 

Pt 

195.23 

j0.50 

578 

1.97 

716 

1.82 

085 

0.54 

921 

4.01 

417 

249.117 




1.01 

155 

0.98 

858 

3.64 

165 

0.27 

460 

8.02 

834 

124.559 




|2.02 

311 

0.49 

429 

7.28 

315 

0.13 

730 

16.05 

669 

62.279 

Polonium. 

Po 


0.36 

269 

2.75 

713 1 1.30 

570 

0.76 

587 

2.87 

857 

347.394 




0.54 

404 

1.83 

810 

.95 

855 

0.51 

0§8 

4.31 

786 

231.596 




1.08 

§08 

0.91 

905 

3.91 

7l0 

0.25 

529 

8.63 

572 

115.798 




2.17 

6l7 

0.45 

952 

7.83 

420 

0.12 

765 

17.2? 

155 

57.899 

Potassium. 


39.096 

0.40 

514 

2.46 

828 

1.45 

856 

0.68 

563 

3.21 

545 

310.998 

Praseodymium.. 

- Pr 

140.92 

0.48 

677 

2.05 

436 

1.75 

237 

0.57 

065 

3.86 

332 

258.845 




1.46 

031 

0.68 

479 

5.25 

712 

0.19 

022 

11.58 

996 

86.282 

Protoactinium. . 


|231 

0.59 

845 

2.08 

874 

1.72 

352 

0.58 

02 1 

3.79 

972 

263.177 




0.79 

793 

1.25 

325 

2.87 

254 

0.34 

812 

6.33 

286 

157.906 




1.19 

689 

0.83 

5: 

.30 

88 1 

0.23 

208 

9.49 

929 

105.271 




2.39 

378 

0.41 

775 

[8.(51 

762 

0.11 

604 

18.99 

859 

52.635 

Radium . 

Ra 

226.05 

1.17 

124 

0.85 

379 

4.21 

648 

0.23 

716 

9.29 

574 

107.576 




2.34 

249 

0.42 

690 

8.43 

295 

0.11 

858 

18.59 

148 

53.788 

Radon 

Rn 

222 

2.30 

052 

0.43 

468, 

8.28 

187 

0.12 

075 

18.25 

839 

54.769 

Rhenium 

Re 

186.31 

0.27 

581 

3.62 

568 

0.99 

292 

1.00 

713 

| 2.18 

90 T 

456.828 




0.32 

178 

3.10 

772 

1.15 

840 

0.8(1 


2.55 

384 

391.567 




0.38 

613 

2.58 

977 

1.39 

008 

0.71 

938 

3.06 

40l 

326.306 




0.48 

267 

2.07 

182 

1.73 

761 

0.57 

550 

3.83 

077 

261.044 




0.64 

356 

1.55 

386 

2.31 

681 

0.43 

163 

5.10 

769 

195.783 




0.96 

537 

1.03 

591 

3.47 

52 1 

0.28 

775 

7.66 

153 

130.522 




1.93 

067 

0.51 

795 

6.95 

042 

0.14 

388 

15.32 

300 

65.261 
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Table LXXVII. — Electrochemical Equivalents of the Elements. — 
{Continued) 


1 


2 

3 

4 

5 

6 

7 

8 

9 


Sym- 

Atomic 

Val. or 

Mg./ 

Cou- 

G./ 

Amp.-hr. 

Lb./ 1,000 

Amp.-hr, 


bol 

weight 

chg. val. 

coulomb 

/mg. 

amp.-hr. 

/g- 

amp.-hr. 

/lb. 

Rhodium 

Rh 

102.91 

4 

0.26 661 

3.75 085 

0.95 978 

1.04 190 

2.11 596 

472.599 




3 

0.35 547 

2.81 314 

1.27 971 

0.78 143 

2.82 12§ 

354.449 




2 

0.53 321 

1.87 543 

1.91 956 

0.52 095 

4.23 192 

236.300 




1 

1.06 642 

0.93 771 

3.83 913 

0.26 048 

8.46 383 

118.150 

Rubidium 

Rb 

85.48 

1 

0.88 580 

1.12 892 

3.18 889 

0.31 359 

7.03 030 

142.241 

Ruthenium 

Ru 

101.7 

8 

0.13 174 

7.59 095 

0.47 425 

2.10 860 

1.04 554 

856.444 




G 

0.17 565 

5.69 322 

0.63 233 

1.58 145 

1.39 405 

717.333 




5 

0.21078 

4.74 435 

0.75 880 

1.31 787 

1.67 286 

597.778 




4 

0.26 347 

3.79 548 

0.94 850 

1.05 430 

2.09 108 

478.222 




3 

0.35 130 

2.84 66l 

1.26 466 

0.79 07 2j 

2.78 810 

358.667 




2 

0.52 694 

1.89 774 

1.89 699 

0.52 715 

4.18 216 

239.111 




1 

1.05 389 

0.94 887 

3.79 399 

0.26 357 

8.36 431 

119.556 

Samarium 

Sm 

150.43 

3 

0.51 962 

1.92 448 

1.87 063 

0.53 458 

4.12 404 

242.481 




n 

1.55 886 

0.64 149 

5.61 190 

0.17 819 

12.37 211 

80.827 

Scandium 

Sc 

45.10 

3 

0.15 579 

6.41 907 

0.56 083 

1.78 307 

1.23 642 

808.789 




n 

0.46 736 

2.13 969 

1.68 249 

0.59 436 

3.70 925 

269.596 

Selenium 

Se 

78.96 

6 

0.13 637 

7.33 283 

0.49 094 

2.03 690 

1.08 254 

923.921 




4 

0.20 456 

4.88 855 

0.73 641 

1.35 793 

1.62 352 

615.947 




2 

0.40 912 

2.44 428 

1.47 2§3 

0.67 897 ! 

3.24 703 

307.974 




n 

0.81 824 

1.22 214 

2.94 566 

0.33 948 

6.49 406 

153.987 

Silicon 

Si 

28.00 

4 

0.07 269 

13.75 624 

0.26 170 

3.82 118 

0.57 695 

1733.257 




n 

0.29 078 

3.43 906 

1.04 680 

0.95 529 

2.30 779 

433.314 

Silver 

Ag 

107.880 

1 

1.11 7933 

0.89 451 

4.02 454 

1 

0.24 848 

8.87 259 

112.707 

Sodium 

Na 

22.997 

1 

0.23 831 

4.19 620 1 

0.85 792 

1 

1.16 56l 

1.89 139 

528.712 

Strontium 

Sr 

87.63 

2 

0.45 404 

2.20 244 

1.63 455 

0.61 179 

3.60 356 

277.503 




n 

0.90 808 

1.10 122 

3.26 910 

0.30 589 

7.20 7l3 

138.752 

Sulphur 

S 

32.00 

7 

0.04 746 

21.06 987 

0.17 086 

5.85 274 

0.37 668 

2654.759 




6 

0.05 537 

18.05 989 

0.19 934 

5.01 664 

0.43 946 

2275.508 




5 

0.06 645 

15.04 991 

0.23 920 

4.18 053 

0.52 736 

1896.257 




4 

0.08 306 

12.03 993 

0.29 901 

3.34 442 

0.65 919 

1517.005 




3 

0.11 074 

9.02 994 

0.39 867 

2.50 832 

0.87 892 

1137.754 




2 

0.16 6ll 

6.01 996 

0.59 80 1 

1.67 221 

1.31 859 

758.503 




1 

0.33 223 

3.00 998 

1.19 602 

0.83 611 

2.63 677 

379.251 

Tantalum 

Ta 

180.88 

5 

0.37 488 

2.66 75l 

1.34 957 

0.74 098 

2.97 529 

336.101 




4 

0.46 860 

2.13 40l 

1.68 696 

0.59 278 

3.71 912 

268.881 




3 

0.62 480 

1.60 05l 

2.24 928 

0.44 459 

4.95 882 

201.661 




2 

0.93 720 

1.06 70T 

3.37 393 

0.29 639 

7.43 824 

134.440 




1 

1.87 440 

0.53 350 

6.74 785 

0.14 820 14.87 647 

67.220 
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Table LXXVIL— Electrochemical Equivalents of the Elements.- 
(' Continued ) 


Element 

Sym* 

bol 

Atomic 

weight 

Val. or Mg./ 
chg.val. coulomb 

Tellurium . 

Te 

127.61 

0.22 040 
0.33 060 
0.66 119 
1.32 23§ 

Terbium . 

Tb 

159.2 

0.54 99l 
1.64 974 

Thallium . 

T1 

204.39 

0.70 601 
|2.11 803 

Thorium . 

Th 

232.12 

0.60 135 
2.40 53§ 

Thulium. 

Tm 

169.4 

0.58 515 
1.75 544 

Tin 

Sn 

118.70 

0.30 751 
0.61 503 
1.23 005 

Titanium 

Ti 

47.90 

|0.12 409 
0.16 546 
|0.49 637 

Tungsten 

W 

183.92 

0.31 765 
0.38 118 
[0.47 648 
0.63 530 
|0.95 295 
1.90 591 

Uranium . 


| 238.07 

0.41 117 
n An oa i 


0.49 341 
0.61 676 
;0.82 235 
1.23 352 
2.46 705 


Vanadium. 


50.95 

0.10 560 
0.13 199 
0.17 599 
0.26 399 
0.52 798 

Virginium, . 

Vi 

224 ^ 

2.32 1§4 

Xenon 

Xe 

131.3 

1.36 062 

Ytterbium. 

Yb 

173.04 

0.59 772 
1.79 316 


Cou- 

C 

uj 

Amp. 

-hr. 

Lb./l 

,000 

Amp.-hr. 

lombs 

/nag- 

amp.-hr. 



amp 

.-hr. 

/lb. 

4.53 

726 

0.79 

343 

1.26 

037 

1.74 

92l 

571.686 

3.02 

484 

1.19 

015 

0.84 

023 

2.62 

382 

381.124 

1.51 

242 

2.38 

029 

0.42 

012 

5.24 

764 

190.562 

0.75 

621 

4.76 

058 

0.21 

006 

10.49 

52§ 

95.281 

1.81 

847 

1.97 

969 

0.50 

513 

4.36 

447 

229.113 

0.60 

616 

5.93 

907 

0.16 

838 

13.09 

340 

76.371 

1.41 

641 

2.54 

IGi 

0.39 

345 

5.59 

002 

178.571 

0.47 

21417.62 

491 

0.13 

115 

16.80 

055 

59.524 

1.66 

29§ 

2.16 

485 

0.46 

193 

4.77 

268 

209.526 

0.41 

573 

8.65 

940 

0.11 

548 

19.09 

070 

52.382 

1.70 

897 

2.10 

653 

0.47 

471 

4.64 

410 

215.327 

0.56 

9 6§ 

6.31 

959 

0.15 

824 

13.93 

250 

71.776 

3.25 

190 

1.10 

705 

0.90 

330 

2.44 

062 

409.732 

1.62 

595 

2.21 

409 

0.45 

165 

4.88 

124 

204.86S 

0.81 

297 

4.42 

819 

0.22 

583 

9.76 

24§ 

102.433 

8.05 

846 

0.44 

674 

2.23 

846 

0.98 

488 

1015.348 

6.04 

3 §4 

0.59 

565 

1.67 

884 

1.31 

318 

761.511 

2.01 

461 

1.78 

694 

0.55 

961 

3.93 

953 

353.8§7 

3.14 

8lT 

1.14 

35i 

0.87 

447 

2.52 

108 

396.655 

2.62 

342 

1.37 

225 

0.72 

873 

3.02 

530 

330.546 

2.09 

874 

1.71 

532 

0.58 

298 

3.78 

162 

264.437 

1.57 

405 

2.28 

709 

0.43 

724 

5.04 

217 

198.327 

1.04 

937 

3.43 

063 

0.29 

149 

7.56 

325 

132.215 

0.52 

468 

6.86 

126 

0.14 

575|15.12 

650 

66.109 

2.43 

206 

1.48 

023 

0.67 

557 

3.26 

168 

306.591 

2.02 

671 

1.77 

627 

0.56 

298 

3.91 

601 

255.492 

1.62 

137 

2.22 

034 

0.45 

038 

4.89 

25§ 

204.394 

1.21 

603 

2.96 

046 

0.33 

779 

6.52 

335 

153.295 

0.81 

069 

4.44 

068 

0*.22 

519 

9.78 

503 

102.197 

0.40 

534 

8.88 

137 

0.11 

260 

19.57 

006 

51.098 

9.47 

007 

0.38 

015 

2.63 

057 

0.83 

808 

1193.209 

7.57 

6061 

0.47 

18 

2.10 

446 

1.04 

760 

954.567 

5.68 

204 

0.63 

358 

1.57 

834 

1.39 

679 

715.925 

3.78 

803 1 0,9 5 

036 

1.05 

223 

2.09 

519 

477. 2§4 

1.89 

40l 

1.90 

073 

0.52 

Gil 

4.19 

038 

238.642 

0.43 

0§0 

8.35 

648 

0.11 

967 

18.42 

288 

54.2§0 

0.73 

496 

4.89 

824 

0.20 

416 

10.79 

877 

92.603 

1.67 

302 

2.15 

179 

0.46 

473 

4.74 

389 

210.797 

0.55 

767 

6.45 

538 

0.15 

491 

14.23 

167 

70.266 
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Table LXXVII. — Electrochemical Equivalents op the Elements. — 
{Continued) 


6 


Element 

Sym-| 

bol 

Atomic 

weight 

Val. or 
chg.val. 

Mg./ 

coulomb 

Cou- G . 

lombs ' , 

, amp.-hr. 

/mg. 

Amp.-hr |Lb./ 1,000 
amp.-hr. 

Amp.-hr. 

/lb. 

Yttrium. 


88.92 


i0.30 715 
0.92 145 

3.25 574 1.10 5?4 
1.08 525|3.31 722 

0.90 437| 
0.30 140 

2.43 774 
7.31 322 

410.216 

136.739 

Zinc. 

Zn 

65.38 


0.33 876 
0.67 751 

2.95 197,1.21 952 
1.47 599 2.43 905 

j 

0.81 99 9 
0.41 000 

2.68 859 
5.37 718 

371.942 

185.971 

Zirconium . . 

Zr 

91.22 


0.23 632 
0.94 528 

1 

4.23 153 0.85 076 
1.05 788 1 3. 40 303 

1.17 542 
0.29 386 

1.87 560 
7.50 2§9 

533.164 

133.291 


N otb. — Atomic weights in bold face type indicate those in which changes have been made since the last 
revision of this table in 1929, or new additions to the list since that time. 

Digits overscored may, if desired, be dropped from the values, rounding them off to the nearest pre- 
ceding digit; such digits have been carried as a matter of convenience and uniformity in calculating and 
tabulating but are in excess of the number of significant figures in the primary data and hence do not add to 
the true accuracy of the results. 

1 Best value known; not included in the official list. 

2 This is the second isotope of hydrogen and is the only isotope included in the table, as no others have aa 
yet been isolated to a sufficient degree to have their atomic weights determined. 

3 This value varies from the basic figure of 1.1180 mg. because of the rounding off of the value of the 
Faraday to 96,500 coulombs; other values also differ in the same proportion. 
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Table LXX VI II. —Atomic Numbers, Atomic Weights, and Isotopes 
of the Elements 


Atomic 

no. 

Symbol 

Mean 

atomic 

weight 

Known 

reported 

Atomic weight of isotopes 

1 

H 

1.0078 

3 

1-2-3 

2 

He 

4.002 

2 

4 

3 

Li 

6.94 

2 

6-7 

4 

Be 

9.02 

2 

(8)-9 

5 

B 

10.82 

2 

10-11 

6 

C 

12.01 

2 

12-13 

7 

N 

14.008 

2 

14-15 

8 

O 

16.0000 

3 

16-17-18 

9 

F 

19.00 

1 

19 

10 

Ne 

20 . 183 

3 

20-21-22 

11 

Na 

22 . 997 

3 

23(1L-1G) 

12 

Mg 

24.32 

3 

24-25-26 

13 

A1 

26 . 97 

1 

27 

14 

Si 

28.06 

3 

28-29-30 

15 

P 

31.02 

1 

31 

16 

S 

32.06 

3 

32-33-34 

17 

Cl 

35 . 497 

3 

35-37-39 

18 

A 

39 . 944 

3 

36-38-40 

19 

K 

39.096 

3 

39-40-41 

20 

Ca 

40.08 

6 

40-42-43-44-46-48 

21 

Sc 

45.10 

1 

45 

22 

Ti 

47.90 

5 

46-47-48-49-50 

23 

V 

50.95 

1 

51 

24 

Cr 

52.01 

4 

50-52-53-54 

25 

Mn 

54.93 

7 

53(3L-3G) 

26 

Fe 

55.84 

4 

54-56-57-58 

27 

Co 

58.94 

2 

57-59 

28 

Ni 

58.69 

5 

58-60-02-04 

29 

Cu 

63.57 

2 

63-65 

30 

Zn 

65.38 

5 

64-66-07-08-70 

31 

Ga 

69.72 

2 

00-71 

32 

Ge 

72.60 

5 

70-72-73-74-76 

33 

As 

74.91 

1 

75 

34 

Se 

78.96 

6 

74-76-77-78-80-82 

35 

Br 

79.916 

2 

70-81 

36 

Kr 

83.7 

0 

78-80-82-83-84-86 

37 

Rb 

85.48 

2 

85-87 

38 

Sr 

87.63 

4 

84-86-87-88 

39 

Y 

88.92 

1 

89 

40 

Zr 

91.22 

5 

90-01-92-04-90) 

41 

Cb 

92.91 

1 

93 

42 j 

Mo 

96.0 

; 8 

92-04-95-06-97-08- 100-f 102) 

43 

Ma 

97 . 8 



44 

Ru 

101.7 

7 

90-09-100-101-102-101 

45 

Rh 

102.91 

1 

101-103 

46 

Pd 

106.7 

r» 

102-1 04-1 05- 1 06- 1 08- 110 

47 

Ag 

107.880 

2 

107-100 

48 

Cd 

112.41 

9 

106-108-110-111-1 12-1 13-1 14-1 16 

49 

In 

114.76 

2 

113-115 

50 

Sn 

118.70 

10 

112-1 14-1 To- 116-1 17-1 18-1 1 9 - 1 20-f 1 2 1 ) - 1 22- 1 24 
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Table LXXVIII. — Atomic Numbers, Atomic Weights, and Isotopes 
of the Elements. — ( Continued ) 


Atomic 

no. 

Symbol 

Mean 

atomic 

weight 

Known 

reported 

Atomic weight of isotopes 

51 

Sb 

121.76 

2 

121-123 

52 

Te 

127.61 

8 

120-122-123-124-125-126-128-130 

53 

I 

126.92 

1 

127 

54 

Xe 

131.3 

9 

124-126-128-129-130-131-132-134-136 

55 

Cs 

132.91 

5 

133(2L-2G) 

56 

Ba 

137.36 

7 

130-132-134-135-136-137-138 

57 

La 

138.92 

1 

139 

58 

Ce 

140 . 13 

4 

136-138-140-142 

59 

Pr 

140.92 

1 

141 

60 

Nd 

144 . 27 

5 

142-143-144-145-146 

61 

11 

146. 



62 

Sm 

150.43 

7 

144-147-148-149-150-152-154 

63 

Eu 

152.0 

2 

151-153 

64 

Gd 

156.9 

5 

155-156-157-158-160 

65 

Tb 

159.2 

1 

159 

66 

Dy 

162.46 

4 

161-162-163-164 

67 

Ho 

163.5 

1 

165 

68 

Er 

167.64 

4 

166-167-168-170 

69 

Tm 

169.4 

1 

169 

70 

Yb 

173.04 

5 

171-172-173-174-176 

71 

Lu 

175.0 

1 

175 

72 

Hf 

178.6 

5 

176-177-178-179-180 

73 

Ta 

180.88 

1 

181 

74 

W 

184.0 

4 

182-183-184-186 

75 

Re 

186.31 

2 

185-187 

76 

Os 

191.5 

G 

186-187-188-189-190-192 

77 

Ir 

193.1 

2 

191-193 

78 

Pt 

195.23 

5 

192-194-195-196-198 

79 

An 

197.2 



80 

Hg 

200.01 

S 

196-198-199-200-201-202-203-204 

81 

T1 

204 . 39 

8 

201-203-205-207-209-2 1 1-2 13-2 1 5 

82 

Pb 

207.21 

16 

201-202-203-204-205-200-207-208-209-210-211-212- 





213-214-215-216 

83 

Bi 

209.00 

, u 

205-206-207-208-209-2 10-211-212-21 3-2 1 4-2 1 5-2 1 G- 





217-219 

84 

Po 

210. 



85 

Ab 

221. 



80 

Rn 

222. 



87 

Vi 

224. 



88 

Ra 

226.05 

4 

226-228-230-232 

89 

Ac 

227. 



90 

Th 

232. 12 

8 

229-230-23 1-232-233-234-235-236 

91 

Pa 

231. 



92 

U 

238.07 

8 

233-234-235-236-237-238-239-240 


Note. — Parentheses indicate an uncertain value. 
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Table LXXX— Conversion Data for Metric and Troy Units 
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Unit 

9 i „ J 

fc j J6P ° S § S 

» £ S3 | £ §3 S3 

-3 „ p. a „ a a 

S f-4 tn £ ^ oQ S 

g o & 8 o 5* § 

eg W Q H Q {5H 

XXX X X X X 

+ -[* -i* -i- -i- -t- -i* 


7 

1,000 I 

oz. per yr. -f 

1.01458 

0.28183 

11.74281 

32.15072 

8.76581 

0. 365224 

1. 

x«— 

o 

fc o 
e. o 

£ T ”‘ 

co & 

■-CJ 

N3 oS 

o & 

2.77778 

0. 77162 
32.15072 

88.02578 

24. 

1. 

2.73791 

Days X 

per oz. | 

** £ 

- fe 

n cL 

O 

0.11574 

0. 032151 
1.33941 

3.66774 

1. 

0.041667 

0.11408 

— 

o 

o3 

o, 

t-i 

W 

4 

Tonnes J 
per yr. -f 

0.031557 

0.008766 

0. 36524 

1. 

0,27265 

0.011360 

0,031104 

Yr.per X 
tonne f 

3 

Kg. 1 

per day -r 

0.0864 

0. 024 

1. 

2.73791 

0.74649 

0.031104 

0.085157 

Days X 

per kg. f 

rS 

<n t_ 

o, 

d 

d 

<v 

, DO 

Ml ^ 

3.6 

1. 

41.66667 

114.07955 

31.10359 

1.29598 

3.54823 

See. X Hr. X 

per mg. j per g. j 

i 

1. 

0.27778 

11.57407 

31.6SS77 

S. 63986 

0.36 

0.9S563 

;a 

1 Milligram per 

see -* X 

2 Grams per hr.. , * X 

3 Kilograms per day-* X 

4 Metric tons per 

yr \ X 

5 Ounces per hr .... -» X 

6 Ounces per day. X 

7 1,000 oz. per yr. X 





NAME INDEX 


Abernathy, 212 

Acheson, 14, 526, 535, 537 

Acheson Graphite Co., 595 

Acker, 347, 443 

Acton, 265 

Adams, 12 

Adams, E. K., 14 

Addicks, L., 226 

Ajax Electrothermic Corp., 488 

Ajax Metal Co., 483 

Ajax- Wyatt, 16 

Ajo, 289, 300 

Alcoa, 611 

Alexander, 16 

Allmand, 440 

Aluminum Co. of America, 415, 416, 
604, 605 

American Bridge Co., 465 
American Cyanamid Co., 509, 511, 
520, 522 

American Electrochemical Society, 
15 

American Nitrogen Products Co., 
571 

American Smelting and Refining 
Co., 238, 253, 258, 272, 278 
Ampere, A. M., 18 
Anaconda Copper Mining Co., 238, 
303, 308, 324 

Anaconda Lead Products Co., 1 12 

Andes Copper Mining Co., 296, 302 

Angelini, 471 

Anthony, 13 

Appleberg, 394 

Arndt, 444 

Arrhenius, 29 

Arvida, 403 

Askenasv, 108 

Aston, 125, 551 


Aten, 177, 399 
Atlas Powder Co., 102 
Aubel, 230, 231 
Aussig, 347 

B 

Badin, 403, 611 
Baekeland, 15 
Baily, 485 
Bakken, 426 
Balbach, 13, 222 
Bancroft, W. D., 52, 181 
Basle, 351 
Bassanese, 471 
Bates, 27 
Bayer, 400, 401 
Becket, F. M., 15 
Bell, 13 
Bengough, 212 
Berry, 16 

Beryllium Corporation of America, 
429, 430 

Bethlehem Steel Co., 328 
Betts, 15, 201, 267, 271 
Bietz, 283 

Billiter, 217, 348 

Bingham, 506, 514 
Bird, 353 

Birkeland-Eyde, 573 
Bjerrum, 44 
Bleininger, 597 
Blue, 196 

Blum, 176, 178, 180 
Boericke, 71 
Boerlage, 177 
Booth, 471 
Bottger, 283 
Bouohayer, 217 
Bradley, 13, 570 
Brower, 552 
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Brislee, 70 

British-Ainerican Nickel Corp., 265 

Brode, 440 

Brown, 111 

Brush, C. M., 13 

Brush Beryllium Co., 430 

Buck-MeRae, 359 

Bunsen, 12, 420 

Burgess, 15, 283 

Buse, 131 

Bussi, 351 

Buttolph, 553 


Callaway, 302 

Calumet and Arizona Mining Co., 
289, 296, 300 
Camp, 465 

Canadian Copper Refiners, Ltd., 
238, 252, 253 
Cappelen-Smith, 15 
Carborundum, 14 
Carborundum Co., 526, 533 
Carmichael, 348 
Caro, 15, 517, 518 
Carr, 312 
Carr<5, 13 

Castner, 14, .341, 342, 437, 439 
Ceader, 151 

Cerro de Pasco Copper Corp., 271, 
272 

Chang, 230 
Charleston, 611 

Chile Copper Co., 288, 289, 298, 587 
Chile Exploration Co., 294 
Christianssand, 265 
Chubb, 21 1 

Chuquicamata, 288, 289 
Clark, 250, 252 
Clausius, 44 
Claussen, 151 
Clayton, 311 
Clignett, 132 
Cockerell, 132 
Cocks, 77 

Coeur D’Alene, 312 
Colcord, 255 


Compton, 163 
Conrad, 209 

Consolidated Mining and Smelting 
Co., 235, 270, 272, 303, 308, 
311, 324, 384 
Cooper, H. S., 430 
Copaux, 430 
Coppadoro, 77 
Cottrell, F. G., 15, 560 
Coulomb, C. A., 19 
Cowan, 276 
Cowles Bros., 501 
Cowper-Coles, 21 7 
Craig, 214 
Creighton, J., 102 
Crookes, 551, 572 
Cruikshank, 222, 332 
Curtis, H. A., 544 
Cushman, 124 

D 

Daniell, 12 
Daniels, F., 150 
Danneel, 517 

Davy, Humphry, 8, 9, 400, 453 

Debye, 45 

De Forest, 15 

Dercm, 203 

Dench ones, 265 

Desmet, 109 

Detroit Elect ric Furnace Co., 481 
Dolcli, 185 
Dole, 88 

Donahue, T. II 115 
Dow Chemical Co., 14, 10, 422, 424 
Downs, 442 
Dulk, 77 

K 

Eagle, 301 

East Chicago, Ind., 112 
Kdgewood Arsenal, 362 
Edison, 13, 15 

Edwards, J. Ih, 167, 4 10, 41 I 
Eichrodt, 289, 291 
Elba, 97 
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Eldridge, C. H., 127 
Electrolytic Zinc Co. of Australasia, 
303, 308, 320, 324 
Electron Chemical Co., 357 
Elkington, 12, 13, 222, 226 
Elmore, 217 
Eppley Laboratory, 21 
Erben Mining Co., 308, 324 
Eustis, 284 

Evans, XT. A., 125, 126 
Evans- Wallower Zinc Co., 308 

F 

Faraday, 9, 12, 23, 552 
Federal Phosphorus Co., 542 
F6ry, 163 
Finckh, 572 

Fink, C. G., 16, 127, 197, 203, 205, 
209, 230 
Fischer, 284 
Fitzgerald, 537 
Flick, 212 

Flin Flon, Manitoba, 303, 308, 324, 
327 

Foerster, F. } 69, 70, 71, 72, 94, 
185, 277, 374 
Fraenkel, 399 
Francis, 465 
Frank, 15, 517, 518 
Friedberger, 98 
Fuller, 141 

G 

Gann, 422 

Gas Industries Co., 379 
Gassner, 13, 147 

General Electric Co., 14, 540, 566, 
570, 571, 605 
Gerke, 54 
Gessler, 444 
Gibbs, A. E., 350, 363 
Gibbs, W. T., 118 
Gillingham, 151 
Girod, 463, 468 
Glasstoiie, 71 
Glocklcr, 553 


Goldschmidt, T., 281, 428, 433 
Goodwin, 77 
Gower, 212 
Gray, 197, 200 

Great Falls, 307, 308, 312, 313 
Greaves- Etchells, 463, 469 
Greenwood, 525 
Grenet, 141 
Grenoble, 217, 284 
Griesheim, 348 
Groggins, P.H., 119 
Grondahl, 171, 172 
Gronwall-Dixon, 469 
Grosse, 131 
Grotthus, 44 
Grube, 77, 109 
Guggenheim Bros., 15 

H 

Haber, F., 71, 94, 97, 573 
Haglund, T. R., 401, 404 
Hall, C. M., 13, 14, 401, 403, 405, 
406, 407, 412 
Hamer, 164 
Hammerquist, 331 
Harbaugh, 197 
Hare, R., 12, 453 
Hargreaves, 353 
Haring, 163, 180 
Harned, 164 
Harvey, 420 
Hatfield, 164 
Hauser, 132 
Heaton, 544 
Heberlein, 287 
Heimrod, 250 
Henke, 111 
Hermsdorf, 287 
Heroult, 406, 412, 463 
Herrschcl, 71 
Hertog, 399 
Hessberger, 575 
Heyvrovsky, 92 
Hirsch, 448 
Hittorf, 32 
Hofer, 447 
Holler, 16)8 
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Holt, 205 
Hooker, 349, 352 
Hoopes, W., 15, 417 
Horry, 507 
Horsch, 109 
Hoyangfalden, 404 
Hliekel, 45 

Hudson Bay Mining and Smelting 
Co., Ltd., 303, 308, 312, 324, 327 
Hunter, 425 
Hybinette, 15, 265 


Illig, 433 

Inspiration, 288, 298, 300 
Inspiration Consolidated Copper 
Co., 288, 294, 298 

International«Electrolytie Plant Co., 
381 

International Graphite and Elec- 
trode Corp., 535 
International Nickel Co., 260 
International Oxygen Co., 377 
Interstate Commerce Commission, 
372 

Irion, 214 


Jackson, 63 
Jacobi, 12, 222 
Jacobs, 14 
Jellinek, 572 

Jessup and Moore Paper Co., 359 
Jones, 78, 197, 205, 220 
Joule, J. P., 22 
Juan Ortiz, 354 

K 

Kahlenberg, L., 205 
Kalmus, 199 
Kanawha Valley, 61 1 
Keith, 281 
Keller, 469 
Kellogg, 303, 308 
Kennett, 319, 320, 324 


Keokuk, 449, 011 
Kern, E. F., 197, 230 
Keyes, 196 
Kjellin, 473 
Klemene, 39 

Knobel, M., 66, 68, 70, 77 
Knowles, A. E., 379, 380, 382, 383 
Koenig, 573 
Koepel, 302 
Kohlrausch, 35, 36, 44 
Krebs & Co., 119, 344, 345, 360, 361, 
439 

Kujirai, 212 

L 

Lacy, 177 
Lah, 209 
Laist, 310 
Landis, W. S., 501 
Langmuir, I., 16 
Lawson, 151 

LeBlane, M., 61, 63, 440 

Leelanche, 12 

Leeds & Northrop Co., 90 

LeGrande, 571 

LoSwair, 14, 349, 350 

Ijfjvin, 378 

Levy, ( \ C., 606 

Lewis, 63, 177 

Lind, 553, 564, 565 

Loose h, 78 

Long, 501 

Longworth, 89 

Lorenz, 108, 393, 398, 399 

Lovejoy, 570 

Ludlum, 468 

Luther, 70 

Lyster, 354, 355 

M 

McDaniel, 177 
Macdonald, 351 
Machines, 71, 88, 89 
McKee, R. II., 99 
McNitt, 44 1 

Magdeburg, Germany, 321 
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Mantell, 278, 403, 538, 592 

Marsh, 77 

Massena, 61 X 

Mathers, 196, 197, 201 

Mathieson Alkali Works, 14 

Mead, 151 

Meritens, de, 131 

Mershon, 211 

Midland, Mich., 14 

Miguet, 511 

Milford, Conn., 284 

Miller, 111 

Milner, 45 

Mitchell, 321 

Moeller, 554 

Mohn, 277 

Moissan, 518 

Moler, 13 

Moller, 71 

Mond, 259 

Moore, 353, 468, 470 

Moore, D. M., 553 

Moorehead, 14 

Moreau, 564 

Morrow, 262 

Mosher, 249 

Mount Lyell Mining and Railway 
Co., Ltd., 240 
Muller, E., 70, 96, 98, 185 
Murray, 354, 355 
Murray, T., 201 
Mustad, 72 
Muthmann, 447 

N 

Nathusius, 472 
National Carbon Co., 594 
Naude, 287 
Nelson, H. It., 353 
Nernst, W., 50, 572 
Newbery, 60, 71, 287 
New Cornelia, 289, 300 
New Hampshire 1 , 429 
Niagara Falls, Canada, 611 
Niagara Falls, N. V., 14, 103, 570, 
61 1 

Nichols Copper Co., 240 


Nitrolee, 571 

Norddeutsche Affinerie, 240, 253, 
258 

Norsk Aluminum Co., 404 
Northrup, E. F., 16, 487 
Norton Co., 527, 531, 532, 534 
Noyes, 35 * 

O 

O'Brien, 219 
O'Harra, 501 
Ohm, G. S., 19 

Ontario Refining Co., 240, 253, 258 
Ostwald, 39 
Ott, 411 

Oxford Paper Co., 343 


Pachuca, 305 
Pan, 180 
Parker, 39 
Parkes, 247 
Parsons, 13 
Pauling, 574 
Pechkranz, 384 
Pedersen, 401, 403 
Peek, 260 

Pennsylvania Salt Manufacturing 
Co., 363 
Perley, 89 

Perth Amboy, 278, 279 
Pfleger, 441 
Pfleiderer, 70 
Philippi, 230 
Phipps, 163 

Pittsburgh Electric. Furnace Oorp., 
466 

Plante, 12, 152 
Plato, 445 
Poggeiulorf, 141 
Poniilio, 349, 353 
Port Colborne, 260 
Potrerillos, Chile, 302 
Praetorius, 428, 433 
P res.se r, 212 
Priess, 433 
Puri, 77 
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R 

Raritan Copper Works, 242, 249, 
254, 258 

Rawdon, 176, 178 
Rayleigh, 572 
Reikie, 312 
Reinoso, 233 
Remscheid, 568 
Rennerfelt, I., 470 
Reuss, 129 

Rhokana Corp., Ltd., 242 
Richards, J. W., 118 
Rideal, 554 
Ridgway, 534 

Risdon, Tasmania, 303, 308 
Robinson, 13 

Rochling-Rodenhauser, 475 

Rosa, 26, 177 

Roseleur, 196 

Rossi, A. J., 15 

Rossman, 220 

Rouse, 230, 231 

Roush, 617 

Royer, 329 

Ruff, 445 

Rumford Falls, Me., 14 
Russ, 96 

S 

Sand, 84 

Sault Ste. Marie, 61 1 
Saunders, 525 
Schloen, 252 
Schlotter, 203 
Schoch, 185 
Schonherr, 575 
Schrodt, 168 
Schumacher, K., 163 
Schwabe, 277 
Schwerin, 130, 131 
Sem, M., 510 
Shakespeare, 2 1 8 
Shelton, 329 

Sheppard, E. S., 16, 132, 133 
Shikala, 92 
Siegmund, 160 


Siemens, 283, 491 
Siemens- 1 Inlske, 556 
Skirrow, 108 

Skowronski, S., 226, 231, 233 
Smith, 171, 441 
Snyder, 469 
Society I ta, liana di 
351 

Socidte dos Ouivre.s <le France, 217 
Society Gfaidral Mctallurgique de 
Hoboken, 242 
Soderberg, 510, 595 
Sorensen, 341, 343 
Southern Elect mchemical Co., 571 
Southern Ferro Alloys Co., 493 
Sperry, E. A., 112 
Spray, N. C., 13 
Stansel, 457, 458, 459 
Starek, 215 
Stassano, 463, 470 
Stein, 108 
Steimnetz, 573 
Stock, 428, 433 
Stuart, 212, 354, 355 
Sudbury, 259 

Sullivan Mining C'o., 303, 308, 312, 
324 

Sutherland, 44 
Swann, S., 99, 1 90 

T 

Tacoma, Wash., Oil 
Tafel, 71 
Taft, 215 
Tagliaforri, 471 
Tainton, 311, 312, 327 
Taylor, E. R., 15 
Tenne, 70 
Tesla, 14 
Thatcher, 1(H) 

Thomas, 163 
Thompson, 1 1 1 
Thomson, J. ,J., 504, 549 
Thomssen, 74 
Thu n», 13, 222 
Tone, 172, 525. 527, 532 
Torrey, N T . V., 15 
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Towne, 329 
Trail, 275, 326, 384 
Tucker, 73, 78 

U 

Union Carbide Co., 508 
Union Minidre du Haut Katanga, 
296, 301 

United Alkali Co., 120 
United Lead Co., 449 
United States Department of Agri- 
culture, 118 

United States Metals Refining Co., 
242, 254, 258 

United States Ozone Co., 556 
United States Smelting, Refining 
and Mining Co., 319, 324 
United States Steel Corp., 465 
U.S.S. Lead Refinery, Inc., 254, 255, 
272 

V 

Vanadium Corp. of America, 497, 
498 

Van Laar, 44 
van’t Hoff, 29, 44 
Veazey, 441 
Viallet, 217 
Vinal, 26, 154, 177 
Volta, A., 12, 19 
Vom Baur, 463, 468 
Vorce, L. D., 350, 363, 364 
Vosmaer, 556 

W 

Walker, A. L., 234 
Walker, W. H., 124 
Ward, 425 


Washburn, 27, 39 
Waterbury Battery Co., 142 
Watt, J., 22 
Weaton, 501 
Weisberg, 203 
Weiss, 447 
Werfhorst, 553 
Wesley, 203 
Westbrook, 200 
Westenberg, 399 
Western Electric Co., 283 
Westhaver, 552 

Westinghouse Electric & Manu- 
facturing Co., 283, 608 
Weston, E., 13 

Westvaco Chlorine Products, Inc,, 
366 

West Virginia Pulp and Paper Co., 
356 

Wheeler, P. D., 301, 350, 363, 364 

Whitehead, 234 

Whiting, 341, 342 

Whitney, W., 15, 124 

Wiedemann, 129 

Wielgolaski, 571 

Willner, 444 

Willson, T. L., 12, 13 

Wilson, R., 109 

Wohler, 12, 428 

Wohlwill, 77, 255 

Wright, 12, 28 


Yamasaki, 71 
Yntema, 205 
Youtz, 109 


Zinnwerke Wilhelmsburg, 242 
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Abraham- Marmier ozonizer, 556 
Accumulators, 152 
Acids, equivalent conductivities of, 
40, 41 

Acker cell, 347, 443 
Addition agents, in copper refining, 
230jf. 

effect on overvoltage, 232, 233 
in lead refining, 269 
in metal deposition, 181 
in plating baths, 192 
in tin refining, 279 
Air cell, 134, 145 
Ajax-Northrup furnace, 487 
Ajax- Wyatt furnace, 482#'., 484 
Alkali halides, electrolysis of, 332.#. 
anodes for, 336 

anodic and cathodic processes 
in, 335 

applications of, 5, 334 
cathodes for, 337 
caustic, 332 
cells for, 342.#. 

classes of, 338, 340 
desirable conditions for, 339 
diaphragm cells, 348#*. 

with circulating electrolyte, 
349 

cylindrical, 363 
submerged cathode type, 350 
effect of temperature in, 338 
flow shoot for, 333 
graphite consumption in, 337 
hypochlorites, 372 
liquid chlorine from, 371 
mercury cells in, 340.#'. 

comparison of, with other 
cells, 341 

mercury losses in, 341 


Alkali halides, electrolysis off, mov- 
ing electrolyte cells in, 347j#. 
operating data for, 368-370 
Allen- Moore cell, 357 
KML type, 358 
Alloys, beryllium, 435 
deposition of, 75, 206 
lead, 448 

as material of construction, 585, 
588 

minor, 500 
plating of, 206#". 
zirconium, 500 
Aloxite, 532 
Alternating current, 76 
effect, on electrolysis, 76, 259 
on oxidizing potential, 78 
reduction of overvoltage by, 77 
superimposed, 78 
in gold refining, 259 
Alumina, 400j#, (see names of indi- 
vidual processes), 
applications of, 5 
decomposition of, 414 
electrolysis of, 405 
flow sheet, 402 
production of, 400j#. 
purification processes, 401-405 
reduction of ( see Aluminum) 
as refractory, 598 
requirements for aluminum pro- 
duction, 413 
solubility, 407, 410 
cryolite-alumina, 406 
sodium-fluoride aluminum-fluo- 
ride, 406 
Aluminum, 400 
alumina requirements, 413 
anode consumption, 412 
anodic oxidation of, 21 Iff. 
anodizing of, operating data, 213 
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Aluminum, applications of, 5 
as busbars, 599 
as cathodes, 588 
cell for, 407, 408 
anode effect in, 411 
anodes, 409 
cathodes, 408 
current capacity of, 408 
energy efficiency of, 414 
operation of, 409 
sizes of, 408 
voltage, 412 
coloring of, 214 
dusting of anodes in, 411 
electrical equipment for, 412 
lightning arrester, 170 
in nickel refining, 261 
operating data, 415 
overvoltage, 67 
in ozonizers, 556 
plating, 196 
power for, 612 
production, 400 
rectifier, 167 

in zinc electrowinning, 309 
Aluminum refining, 417 
cell for, 417 
anodes, 418 
current efficiency, 419 
electrolyte, 417, 418 
operation, 419 
Alundum, 531 

Ammonium persulphate, applica- 
tions of, 5 

Ampere, definition of, 18 
Analysis, 83 

polarographic, 92 
Angel cell, 121 
Angelini furnace, 471 
Anions, definition of, 24 
Anode, nickel, depolarized, 264 
Anode corroding agents, 182 
Anode effect, 395, 397 
Anode films, protection against cor- 
rosion, 126 

Anode muds, in antimony refining, 
286 


Anode muds, in copper refining, 
248 # 

analysis of, 247 
in gold refining, 256 
in lead refining, 271#. 
in nickel refining, 265 
in silver refining, 251 
in tin refining, 279 
working up, 247 

Anode process for rubber deposition, 
132 

flow sheet, 1 35 
Anodes, insoluble, 182, 585 
(See also Passivity.) 

Anodic oxidation, 211#. 

operating data, 213 
Anthraquinone, 99 
applications of, 5 
operating data, 100 
Antimony, 285 

in copper refining, 237 
in lead rc; fining, 275 
plating of, 196 
refining, 285 

operating data, 285 
in zinc electro winning, 310 
Arcs, 456 

characteristics of, 458 
temperatures of, 457 
theory of, 456 
Arrhenius’s theory, 29 
Arsenic, in copper refining, 237 
in zinc electrowinning, 310 
Asbestos, as diaphragm, 588 
Asphalts, as tank lining, 589 
Aston space, 551 
Atomic numbers, 626, 627 
Atomic weights, 626, 627 
Aussig cell, 121, 347 
Avogadro’s number, 30 

B 

Baily furnace, 485 
Baltimore contact, 234 
Bailing cells, 385 
Barium, applications of, 5 
Barker cell, 120 
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Bases, equivalent conductivities of, 
40, 41 

Basle cell, 351 
Bassanese furnace, 471, 477 
Batteries, dry, 147 
storage, 152 

C See also Cells.) 

Bauxite, purification of ( see 

Alumina) . 
as refractory, 598 

Bayer process for alumina, 401, 405 
Bell-jar cell, 347 
Beryllium, 428 
alloys, 435, 436 

operating data, 436 
applications of, 5 
electrolysis, 43 Iff. 

anode, graphite in, 432 
chloride process, 431 
fluoride process, 433 
extraction processes, 429 
ores, 429 
yield, 435 

Bessemer matte, 261 
Betts process, 267 
Bichromate cell, 139, 141 
Billiter-Leykam cell, 348 
Birkeland-Eyde furnace, 573, 574 
Bismuth, 277 

applications of, 5 
in copper refining, 244 
in lead refining, 276, 277 
overvoltage, 67 
plating of, 197 
refining, 277 
Blister copper, 224 
analysis of, 246 
Bluestone, recovery of, 245 
Booth furnace, 471, 477 
Boron carbide, 534 
Brass, overvoltage, 67 
plating of, 208 
Brush discharge, 560 
Buck- Me Mae cell, 359 
Bunsen cell, 139, 141 
Burgess process, 283 
Bus) tars, properties of, 600 


Cadmium, 318 
applications of, 5 
cell, 320, 323 
electro winning, 318 
cells for, 320, 323 
flow sheet, 326 
operating data, 324, 325 
power for, 610, 613 
plating of, 197 

recovery, from zinc electrolyte 
residues, 321 
Cadmium yellow, 116 
Calcium, 444 

applications of, 5 
cells for, 445 

operating data, 446 
energy consumption, 445 
molybdate, 497 
power for, 445, 612, 613 
Calcium-barium-lead alloys, 449 
Calcium carbide, 504ff. 

absorption of nitrogen by, 517, 518 
applications of, 5 
carbon utilization in, 514 
effect of phosphorus in, 505 
energy consumption in, 517 
energy distribution in, 516, 517 
energy efficiency in, 517 
furnaces for, 506jf., 513 
heat of reaction, 504, 517 
lime utilization in, 514 
power for, 611, 613, 614 
preparation of, for cyanamide, 521 
raw materials for, 504, 515 
analysis of, 515 
Soderberg electrodes for, 510 
Calcium chloride, as catalyst in 
cyanamide, 518 
electrolysis of fused, 444 
operating data for, 446 
Calcium cyanamide, 517 ff. 
applications of, 5 
catalysts for, 519 
flow sheet for, 521 
furnaces, 519 
heat of reaction of, 518 
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Calcium fluoride, as catalyst, 519 
Calcium-silicon, 500 
Canvas, as diaphragm, 589 
Carbon, electrodes, 585, 590, 591, 
593 

flow sheet, 593 
overvoltage, 67 
refractory, 596, 597 
Carbon bisulphide, 541 
applications of, 5 
operating data, 546 
power for, 613 

Carbon-sulphur-sand mixture, as 
material of construction, 590 
Carborundum, 525, 526 
Carmichael cell, 348 
Castner cell, for chlorine and caustic, 
342 

for sodium from sodium hydrox- 
ide, 438 

energy consumption of, 440 
Cataphoresis, 130, 132 
Cathode dark space, 551 
Cathode deposits, classification of, 
176 

Cation, definition of, 24 
Caustic, electrolytic, 332, 443 
applications of, 5 
Cells, alkali halide, 342#. 
aluminum, 407 
cadmium, 320, 323 
calcium, 445 
caustic, 342#. 
cerium, 448 
chlorate, 117#. 
chlorine, 342# 

operating data, 368-370 
concentration, 58 
electrowinning (see individual 
metals), 
hydrogen, 376# 
hypochlorite, 372 
magnesium, 421 
oxidation and reduction, 56 
oxygen, 376# 
perborate, 106 
pressure, 386 
primary, 13 7# 


Cells, products of, 5-7 

refining {see individual metals), 
secondary, 152#. 

characteristics of, 159 
theory of, 154 
sodium, 438 

(, See also individual names of 
cells.) 

Cement, for tanks, 589, 590 
Ceramic ware, for tanks, 590 
Cerium, 447 

applications of, 5 
cells for, 448 

Chemical and electrical energy, 48, 
49 

Chilex anod od 7 f *' 

Chlorates, 117#. 
anodes for, 118 

cells for, 118-121 {see also indi- 
vidual names) 
operat ing data, 123 
sodium chlorate, 117 
Chlorine, 332 

applications of, 5, 334 
cells for, 342#. (see also individual 
names.) 
liquid, 371 

manufacture of (see Alkali 
halides). 

operating data for, 368-370 
overvoltage, 69 
power consumption for, 613 
solubility of, 373 
vapor pressure, 371 
Chrome yellow, applications of, 5 
Chromic acid, applications of, 5 
regeneration of, 1 1 1 
Chromite, as refractory, 598, 599 
Chromium, 496 
applieat ions of, 5 
plating of, 197 
Clark-Carhart <*<*11, 20 
Clark cell, 20 
(days, as diaphragms, 589 
Cleaning, elect roly tic, HX) 
with sodium, 327 
Cobalt, plating of, 199 

in zinc electrowirining, 310 
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Codeposition, 75 
Colloid electrochemistry, 129# 
Coloring, 214 
Concentration cells, 58 
Concrete, as material of construc- 
tion, 589, 590 
Conductance, 34 
Conductance titration, 92 
Conductivity, 34 

electric, of hydrofluoric acid, 269 
of molten salts and bases, 390, 
391 

equivalent, 38 
specific, 35 

Conductors, busba’ "99 
classes of, 2- 

Conversion data, 628, 629 
Converters, characteristics of, 607 
Copper, 222#, 288# 

anode mud treatment, 247 
anodes, 224 
applications of, 5 
blister, 224 

analysis of, 246 
as busbars, 600 
cement, 224 
coulometer, 26 
electrowinning, 288# 
copper recovery in, 288 
electrolyte in, 290—292, 301 
flow sheet, 293 
leach liquors, 292 
metal precipitation in, 298 
operating data, 294-297 
ore analysis in, 301 
ore leaching, 289, 298, 300, 301 
ore mining for copper, 289 
power for, 610, 613 
treatment solutions, 290 
gauze as material of construction, 
588 

in lead refining, 271 
in nickel refining, 261, 263 
plating, 1 99 
refining, 222# 

addition agents in, 230#, 236 
anode composition in, 227, 246 
anode impurities, 236, 237 


Copper, refining, anode mud, recov- 
ery of, 248 
cathode analysis, 246 
conductivity, effect of impuri- 
ties, on, 225 
electrolyte in, 229 
electrolyte circulation, 234 
electrolyte purification, 244 
electrolyte resistivity, 233 
flow sheet, 223 
metal distribution in, 245 
operating data, 234, 238-243 
power consumption in, 229, 233, 
613 

power costs for, 228, 610 
precious metal recovery in, 247, 

scrap, 236 
starting sheets, 235 
systems of, 226 
tanks, 234 

voltage consumption in, 229, 
233 

in rubber deposition, 133 
sheet by electrodeposition, 218 
operating data, 219 
tank house, log of, 246 
in zinc electro winning, 310 
Copper oxide rectifier, 171 
Corona discharge, in precipitators, 
557 

Corrosion, 124 

electrochemical theory of, 124 
reversed, 127 
Cottrell precipitators, 560 

in phosphoric acid production, 543 
Coulomb, definition of, 19 
Coulometers, 25# 

Crookes dark space, 551 
Cryolite, in aluminum bath, 405 
solubility of alumina in, 410 
system with alumina, 406 
Crystolon, 525, 526 
Current concentration, 25 
Current density, definition of, 18 
in metal deposition, 179 
meters, 19 
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Current efficiency, in chlorate pro- 
duction, 121 
definition of, 25 

in fused-salt electrolysis, 25, 391 
in rubber deposition, 134 
Cyanides, 524 

D 

Daniell cell, 47, 139, 140 
Debye-Huckel theory, 45 
Decomposition voltage, 49, 60 
fused salt, 394 
measurement of, 60 
of molten electrolytes, 62 
table of, 61 

Dehydration, of clay, 130 
of peat, 130 

Department of Agriculture cells, 118 
Depolarization, 65 
Depolarizer, definition, 63 
in primary cells, 138 
Detinning, 280 
Detroit furnace, 480/f., 484 
Deuterium, applications of, 6 
Diaphragms, materials for, 588, 591 
Differential aeration currents, 126 
Dilution, law of, 39 
Dissociation, 29/f. 

Arrhenius' theory of, 29/F. 
Debye-Huckel theory of, 45 
degree of, 30 
newer theories of, 44 
Dolomites as refractories, 597 
Dor6 metal, 248, 250, 251 
Dow cell, 424 
Downs cell, 442 
Dry cells, 139, 147 
construction of, 148 
energy of, 150 

manganese dioxide as depolarizer 
in, 149 

methods of manufacture, 149 
sizes of, 151 

Duriron, as material of construc- 
tion, 586 
overvoltage, 67 


Economics, 603/T. 

Edison cell, primary, 143 
secondary, 152, 160 
Electric furnace products, power 
costs for, 611 
Electric heating, 453 
methods of, 454 
Electric wind, 558 

Electrical discharges in gases, 549 ff. 
silent, 553 

Electrical endosmose, 129 
Electrical energy, 18, 48 
unit of, 22 

'Electrical units, lSJf. 
relation of, 22 

Electrochemical equivalents, 617- 
625 

definition of, 24 
table of, 617 

Electrochemical industries, 3 
history of, 8 
power for, 603, 613 
products of, 5 
scope of, 3 

Electrochemical processes, compari- 
son of, with chemical, 8 
raw materials for, 5 
Electrochemical products, 5 
energy consumption of, 613 
power costs of, related to price, 
614 

Electrochemistry, colloid, 129//. 
definition of, 3 
of gases, general laws, 549//. 
organic., 99 
Elect rocolor, 215 

Electrodes process, reversibility of, 64 
Electrodes, antimony, 88 
calomel, 87 

carbon, manufacture of, 592, 598 

continuous, 594 

definition of, 9 

electric furnace, 591 

gas, 54 

glass, 88 

graphite, 592, 593 



SUBJECT INDEX 


645 


Electrodes, hydrogen, 86 
measuring, 90 
Miguet, 512 
oxidation-reduction, 56 
quinhydrone, 87 
Soderberg, 594, 595 

in alumina production, 403 
in carbide furnaces, 510 
standard, 59 

J lectrofiltros as diaphragm, 589 
lectroforming, 215 
of phonograph records, 216 
of tubes, 217 
Electrogalvanizing, 327 
Electrolabs cell, 378, 379 
Electrolysis, 23, 63#. 
of alkali halides, 332#. 
of alumina, 407 
of beryllium oxide, 429 
of calcium chloride, 445 
of cerium chloride, 447 
effect of alternating current on, 
76, 259 

of fused salts, 390, 398 
of magnesium chloride, 422, 427 
of magnesium oxide, 425 
of neutral brine solution, 374 
pressure, 385 
of sodium chloride, 441 
of sodium hydroxide, 437 
of water, 376 

Electrolytic solution pressure, 50 
Electrometals furnace, 469, 477 
Electromotive force, 46#. 

definition of, 19 
Electron value of, 30 
Electron tubes, characteristics of, 
580 

Electronic conduction, 23 
Electronics, 577 
Electrophoresis, 129, 131 
/HElectroplat ing, 1 87 #. 
alloy, 206 
brass, 206 
bronze, 206 
cadmium-zinc, 210 
cadmium-zinc-antimony, 211 
eadmium-zinc-t in, 211 


/Electroplating, alloy, cobalt-nickel, 
209, 210 

copper-nickel-zinc, 211 
iron-copper-nickel, 210 
lead-thallium, 209 
lead-tin, 208 
nickel-copper, 210 
nickel-iron, 210 
Permalloy, 210 
silver-cadmium, 210 
thallium-zinc, 210 
baths for, 192, 194, 196#. 
chloride, 208 
cyanide, 206 
precious metal, 209 
sulphate, 207 
cleansing articles for, 189 
equipment, 195 
motor-generator costs for, 612 
preparation of articles for, 188 
structure of deposits, 193 
(See also individual metals.) 
Electrorefining, 222#. 
antimony, 285 
bismuth, 277 
copper, 222 
gold, 255 
iron, 283 
lead, 267 
mercury, 287 
nickel, 259 
silver, 247 
solder, 286 
systems of, 226, 234 
tin, 277 

Electrostatic precipitation, 557 
Electrothcrmics, general, 453#. 
Electro typing, 216 
Electrowinning, 288#. 
of cadmium, 318 
of copper, 288#. 
of iron, 284 
of manganese, 329 
of zinc, 302 
Elmore process, 217 
Endosmose, electrical, 129 
Energy, chemical and electrical, 
48#. 
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Energy, efficiency, 60 
electrical, 8, 46if. 

Engineering, electrochemical, 3 
of electrochemical industries, 585 
♦Equivalent conductivity, 38 
.for salts, acids, and bases, 40ff. 


Faraday, value of, 24 
Faraday dark space, 552 
Faraday's laws, 22, 23, 32 
and fused salts, 391 
Ferricyanides, 109 
Ferrites, in zinc electrowinning, 314 
Ferroalloys, 490.#*. 
furnaces for, 491 
operating data, 499 
power for, 610, 613 

(See also Calcium-silicon; Ferro- 
chromium ; Ferromanganese; 
Ferromolybdenum; Ferrophos- 
phorus ; Ferrosilicon ; Ferrosili- 
con-aluminum ; Ferrosilicot i- 
tanium; Ferrotitanium ; Ferro- 
tungsten; Ferrouranium ; Fer- 
rovanadium ; Silicomanga- 
nese; Zirconium alloys.) 
Ferrochromium, 495 
applications of, 6 
operating data, 499 
power for, 613, 614 
Ferrocolumbium, applications of, 6 
Ferromanganese, 494 
applications of, 6 
power for, 613, 614 
as raw material for potassium 
permanganate, 109 
Ferromolybdenum, 496 
applications of, 6 
power for, 611, 613 
Ferro phosphorus, 500 
Ferrosilicon, 492 
applications of, 6 
power for, 613, 614 
Ferrosilicon-aluininum, 501 
Ferrosilieotitanium, 500 
applications of, 6 


Ferrotitanium, 500 
applications of, 6 
Ferro tungsten, 496 
applications of, 6 
power for, 613 
Ferrou ra niu m , 500 
Ferrovanadium, 497 
applications of, 6 
power for, 611, 613 
F6ry cell, primary, 139, 144 
secondary, 163 
Fiat furnace, 467, 477 
Film formation, anode, 165, 184 
on aluminum, 166 
electrical resistance of, 166 
Filter press colls, 383 
Fireclay, as insulator, 596 
Firesand, 525, 531 
Flow sheets, alkali halides, 333 
alumina, Kay ertprocess, 402 
anode process, 1 35 
cadmium elect rowinning, 326 
calcium eyanamide, 521 
carbon electrode, 593 
caustic, 333 
chlorine, 333 

copper elect rowinning, 293 
copper refining, 223 
dortf anodes, 251 
manganese electrowinning, 329 
mannitol, 101 
nickel refining, 260 
phosphoric acid, 544 
rubber deposition, 135 
silicon carbide, 529 
silver refining, 251 
slime treatment in silver refinery, 
249 

sorbitol, 101 

white? lead, elect rolytie, 11(5 
zinc electrowinning, 304 
Fluorine, applirat ions of, 6 
Frary metal, applications of, 6 
Fuller cell, 1 4 1 
Furnaces, electric, arc, 480 
classification of, 463 
construction of, 459 
auxiliaries, 459 
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Furnaces, electric, for beryllium, 
435 

for boron carbide, 534 
buried-hearth electrode, 462, 
469#. 

for calcium carbide, 506 
for calcium cyanamide, 519 
for carbon bisulphide, 541 
classification of, 454, 462 
comparison of, 474, 475 
direct series arc, 463#. 
dore, 248 

for ferroalloys, 491 
free-hearth electrode, 462, 469#. 
for fused alumina, 532, 533 
for fused quartz, 539 
for graphite, 535 
indirect arc, 470#. 
for metal melting, 461# 
mixed types, 471 
for nitrogen fixation, 572 
for nonferrous melting, 476#. 
energy consumption, 485 
operating data, 484 
operating data, 477-479, 484 
for phosphoric acid, 543 
for phosphorus, 546 
products of, 5-7 
resistance, for nonferrous melt- 
ing, 485 

for silicon carbide, 526, 527 
types, 461, 462 
induction, 472 
high frequency, 486 
low frequency, 482 
{See also specific names of 
individual furnaces.) 

Fused alumina, 531#. 
as diaphragm, 589 
furnaces for, 532, 533 
operating data, 530 
power for, 611, 613, 614 

Fused electrolytes, power costs for, 
612 

Fused quartz, 538 

Fused salts, electrolysis of, 390#., 
398 

anode effect in, 395, 397 


Fused salts, electrolysis of, applica- 
tions of, 400 
current efficiency in, 391 
decomposition voltage, 394 
metal fogs in, 392 
molten lead chloride, 393 
polarization in, 395 
{See also Alumina; Aluminum; 
Beryllium; Calcium; Cerium; 
Lithium; Magnesium; Sod- 
ium.) 

Fused silica, 540 

G 

Galvanic cells, 46 
Galvanoplasty, 222 
Gannister, as material of construc- 
tion, 596 

Gas electrodes, 54 
Gas Industries cell, 379 
Gaseous electrothermics, 569 
Gaseous ions, definition of, 549 
mobility of, 561 

Gases, electrochemistry of, 549#. 
Germanium, in electrolysis of zinc, 
311 

Gibbs cell, 363 

Gibbs-Helmholtz equation, 50 
Giordani-Pomilio cell, 353 
Girod furnace, 468, 477 
Glass, as containers for cells, 590 
Glass wool, as diaphragm, 589 
Glow discharge, 553, 560 
Gold, applications of, 6 
overvoltage, 67, 68 
passivity, 183 
plating, 200 

recovery from copper-refining 
slimes, 255#. 
refining, 255# 

anode impurities, 256 
current density in, 256 
electrolyte purification, 257 
operating data, 258 
platinum and palladium recov- 
ery in, 257 
power for, 610, 613 
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Gold, refining, superimposed alter- 
nating current in, 259 
Graphite, 535J\ 

as anode in beryllium production, 
432 

applications of, 6 
in chlorate cells, 120 
in electrolysis of salt., 336 
formation, theory of, 536 
furnace, 535 
impregnation of, 585 
as material of construction, 585, 
586 

operating data, 539 
packing dust for, 536 
power for, 611, 613 
Gravity cell, 139, 140 
Greaves-Etchells furnace, 469, 477 
Greene furnace, 467, 478 
Grenet plunger cell, 141 
Griesheim Electron cell, 348 
Grog, as material of construction, 
596 

Gronwall-Dixon furnace ( see Elec- 
trometals) . 

Grove cell, 139, 141 
Grove-Bunsen cell, 139, 141 

H 

Haglund process for alumina, 404, 
405 

Half cell, 59 

Hall process for alumina, 403, 405 
Halogen overvoltage, 70 
Hargreaves-Bird cell, 356 
Heroult furnace, 463JT. 
High-frequency furnaces (see Ajax- 
Northrup). 

Hirsch cell, 448 
Hooker cell, 354 
Hoopes cell, 417 
Horry furnace, 507, 408 
Hubbell cell, 160 
Hybinette bags, 267 
Hybinette process, 265 
Hydrogen, 376 
applications of, 6 


Hydrogen, capacity of cells, 383 
cells, 376 ff. 

electrolysis under pressure, 385JJ. 
overvoltage, 66, 07 
unit generator**, 378 
Hydrogen electrode, normal, 52 
Hydrogen ion concentration meas- 
urement-, 85 
Hydrogen peroxide, 108 
application;* of, 6 
Hypochlorites, 372 ff. 
applications of, 6 
electrolysis of neut ral brine, 374 

I 

Ignitron, 569, 605 

Impurities, effect, of, on conductiv- 
ity of copper, 225 
Indium, applications of, 6 
plating of, 200 

Induction furnaces, energy con- 
sumption, 484 
high frequency, 486 
for iron and steel, 472 ff. 
low frequency, 473, 482 
for non-ferrous melting, 476 J 0 r . 
oscillators for generators, 488 
sizes, 488 

temperature limits, 489 
Insulators for electric furnaces, 596 
I. O.C. cell, 377 
Iodine*' oculomotor, 27 
Iodoform, applications of, 6 
Ionization, and chemical reaction, 
564 

degree of, 565 
of gases, 549 JJ. 
general laws, 565 
Ionizing agents, 549 
Ionizing potentials, 562 
table of, 563 
Ions, activity of, 58 
definition, 24 
mobility of, 32 
Iridium, overvoltage of, 67 
Iron, 283 

applieat ions of, 6 
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Iron, cast, as. material of construc- 
tion, 595 

electrolytic, 283, 284 
high silicon, as material of con- 
struction, 586 
leaching, 284 

as material of construction, 586, 
589#. 

in nickel refining, 263 
overvoltage, 67 
plating, 201 
power for, 613, 614 
refining, 283 

in zinc electro winning, 310 
Isotopes, 626, 627 

K 

Kaolin as refractory, 598 
Keller furnace, 469, 478 
Kjellin, furnace, 473 
Knowles cell, 379#. 

Krebs chlorate cell, 119, 120 
Krebs diaphragm cell, 360 
Krebs mercury cell, 344 
anode consumption in, 346 
mercury consumption in, 346 


Lalande cell, 139, 142 
Leaching of ores ( see Electrowin- 
ning). 

Lead, 267 
alloys, 448 

as material of construction, 585, 
588 

analysis of, 276 
applications of, 6 
in copper refining, 237 
as material of construction, 585, 
588, 589 
overvoltage, 67 
plating of, 201 
pure, 276 
refining of, 267#. 

addition agents in, 269 
anode impurities in, 271 


Lead, refining of, anode mud treat- 
ment, 275 
anodes for, 274 
antimony recovery from, 275 
Betts process for, 267 
bismuth recovery from, 276 
current density in, 271 
electrolyte for, 268 
operating data, 272 
power for, 610, 613 
tanks in, 270 
in tin refining, 279 
in zinc electro winning, 310 
Lead storage cells ( see Secondary 
cells) . 

Lead-tin, plating of, 208 
LaCarbone cell, 139, 146 
LeclanchiS cell, 139, 144 
’Leetromelt furnace, 466, 477 
LeSueur cell, 349, 350 
Levin cell, 378, 379 
Lightning arresters, 165#. 
aluminum, 170 
litharge, 169 
oxide film, 169 
silicon carbide, 172 
Limestone, for carbide, 514 
Linen, as diaphragm, 589 
Liquid chlorine, 371 
Lithium, 446 

applications of, 6 
“ Lubrication, ” electrical, 131 
Ludlum furnace, 468, 478 
Luminous discharge, 551 

M 

Macdonald cell, 351 
Magnesite as refractory, 597 
Magnesium, 420#. 
applications of, 6 
continuous chloride process for, 
422, 427 

power for, 612, 613 
intermittent chloride process for, 
420 

cell for, 421 
operating data, 427 



650 


INDUSTRIAL ELECTROCHEMISTRY 


Magnesium, oxide process for, 425 
power for, 612, 613 
plating of, 210 
purification, 426 
sublimation, 427 

Magnesium chloride, in magnesium 
production, 422, 427 
preparation for electrolysis, 422 
Magnesium oxide as insulator, 596 
Magnetite, in chlorate cells, 118 
in copper electrowinning, 586 
in electrolysis of salt, 336 
in perborate cells, 107 
Manchester plates, 156 
Manganese, electric furnace, 495 
electrolytic, 329 
applications of, 6 
electrowinning of, 329 
cells for, 331 
flow sheet, 329 
operating data, 331 
in zinc electro winning, 317 
silicon as reductant for, 495 
Manganese dioxide, depolarizer in 
dry cells, 149 

in zinc electrowinning, 317 
Mannitol, 102 
applications of, 6 
flow sheet, 101 
operating data, 103 
Mass action, law of, 39 
Mastic as tank lining, 589, 590 
Materials of construction, 585 
anodes, 585 
cathodes, 588 
conductors, 599 
diaphragms, 588, 591 
electric furnace shells and linings, 
595 

electrodes, 591, 593, 594 
for electric furnaces, 591 
refractories, 595 ff. 
tanks, 589, 591 
McNitt cell, 441 
Mercury, coulometer, 28 
overvoltage, 67 
refining of, 287 

Mercury-arc rectifier, 566, 604, 605 


Metal coloring, 214 
Metal deposition, 73 ff., \75ff. 
of alloys, 75 

conductivity of solutions in, 1 79 
effect, of addition agents on, 181 
of cathode current density on, 

179 

of double cyanides on, 181 
of metal ion concentration on, 

180 

of pH on, 181 
of temperature on, 178 
film formation in, 184 
form of, 176 

hydrogen overvoltage and, 73 

passivity in, 185 

polarization and, 71 

of powders, 219 

of sheet, 218 

throwing power in, 180 

of tubing, 217 

Metal fogs, in fused salt, electrolysis, 
392 

Metal solution, 17 5JJ. 
anodic, 182 

film formation in, 184 
theories of, 186 
oxygen alloys and, 182 
Metallic electrothermal products, 
490 

Meters, current density, 19 
Miguet furnace, 51 1—513 
Minch metal, 448 
Mobility, ionic, definition of, 32 
of gaseous ions, 561 
Moebius cell, 250 
Monel, overvoltage, 67 
Moore furnace (aer 'Lect roinelt ). 
Motor-generator sets, characteristics 
of, 606, 612 

costs, for electroplating, 612 
Muslin, as diaphragm, 589 

N 

Nathusius furnace, 472 
Negative glow, 552 
Nelson cell, 362 
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Nernst equation, 53 
Nickel, applications of, 6 

in copper refining, 222, 227, 230, 
232, 233 

as material of construction, 589, 
591 

overvoltage, 67, 68 
plating of, 201 
refining of, 259ff. 
aluminum in, 261 
anode slime in, 263, 265 
anodes, 261, 267 
bessemer matte in, 261 
cathodes, 265 
electrolyte in, 263 
flow sheet, 260 
Hybinette process of, 265 
operating data, 261, 264 
power for, 613, 614 
starting sheets, 261 
Nickel-cobalt, plating of, 209 
Nitric acid, applications of, 6 
Nitrogen fixation, 569, 571 jff. 

processes for, 573-575 
Norton furnace, 527 

O 

Ohm, definition of, 19 
Ohm's law, 21 

Operating data, alkali halides, 368- 
370 

aluminum, 415 
anodic oxidation, 213 
antimony refining, 285 
anthraquinone, 99 
beryllium alloys, 436 
cadmium electrowinning, 324 
calcium, 446 
carbon bisulphide, 546 
caustic, 368-370 
chlorates, 123 
chlorine, 368—370 
copper electrowinning, 294—297 
copper refining, 238-243 
ferroalloys, 499 
fused alumina, 530 
gold refining, 258 


Operating data, graphite, 539 
lead refining, 272 
magnesium, 427 
manganese elect rowinning, 331 
mannitol, 103 
nickel refining, 264 
perchlorates, 123 
perchloric acid, 123 
phosphoric acid, 545 
phosphorus, 546 
rubber deposition, 136 
sheet by electrodeposition, 219 
silicon carbide, 530 
silver refining, 253 
solder, 286 
sorbitol, 103 
tin refining, 280 
white lead, 114 
zinc electrothermic, 503 
zinc electrowinning, 308 
Organic electrochemistry, 99 
Ostwald dilution law, 39 
Overvoltage, 66j£f. 
bromine, 69 
chlorine, 69 

effect of variables on, 67 
halogen, 69, 70 
hydrogen, 66 

metal deposition and, 73 
table of, 67 
iodine, 69 
oxygen, 68 
table of, 68 
theories, 71 

Oxidation, electrolytic, 93jf., 97 
applications of, 103 
Oxidation-reduction cells, 54, 56 
Oxide films, dyeing of, 214 
Oxygen, 376 

applications of, 6 
cells (see Hydrogen), 
overvoltage, 68 
Oxygen alloys, 182 
Ozone, 554 

applications of, 6 
Ozonizers, 555ff. 

Abraham- Marmier, 556 
energy efficiencies of, 555 



652 


INDUSTRIAL ELECT ROC II EM I ST It Y 


Ozonizers, Siemens-Halske, 556 
United States Ozone Company, l 
Vosmaer, 556 


Pachuca tanks, 305 
Palladium, applications of, 6 
overvoltage, 67 
plating of, 203 

recovery in gold refining, 257 
recovery in nickel refining, 265 
Para-aminophenol, 100 
applications of, 6 
Paraffin wax as tank lining, 590 
Parkes process, 247 
Passivity, 185 

in metal deposition, 185 
theory of, 186 
Pasted plates, 157, 158 
Pauling furnace, 574 
Peat drying, 130 
Pechkranz cells, 384 
Pedersen process for alumina, 403, 
405 

Perborates, 106 
applications of, 6 
cells for, 107 
Perchlorates, 122, 123 
operating data, 123 
Perchloric acid, 122 
applications of, 7 
operating data, 123 
Permalloy, plating of, 21.0 
Permanganates, 108 
Persulphates, 104 
ammonium, 105 
applications of, 5 
energy for, 106 

Petroleum pitches as tank lining, 589 
pH, 85J. 

measurement of, 85 
in metal deposition, 181 
pH- voltage relation, 88 
Phonograph records, preparation by 
electroforming, 216 
Phosphoric acid, 54 2 Jf. 
applications of, 7 


Phosphoric acid, flow sheet, 544 
operating data, 545 
Phosphorus, 544 
applications of, 7 
in calcium carbide production, 505 
operating data, 546 
power for, 613, 614 
Photoelectric tubes, 581 
Photovoltaic cells, 581 
Pickling, electrolytic, 191 
Pigments, cadmium yellow, 116 
white lead, 112 ff. 

Plan t,6 cell, 152, 153 
Plan t,6 plates, 155 

Plastics, as material of construction, 
590 

Plating baths, 192 ff. 
acid copper, 199, 207 
addition agents in, 192 
chloride, 208 
constituents of, 192 
cyanide, 206 
cyanide copper, 199, 206 
miscellaneous, 208 
precious medal, 209 
structure of deposits from, 193 
sulphate, 207 
tables of, 194, 200 ff. 
throwing power of, 193 

(Sea also individual metals.) 
Platinum, applications of, 7 
in chlorate formation, 118 
as insoluble electrode, 586, 588 
as material of construction, 586, 
588 

overvoltage, 67 
in perborate cells, 1 Of 5 
in persulphate preparation, 104 
plating of, 203 

recovery, in gold refining, 257 
in nickel refining, 205, 267 
Poggendorf cell, 139, 1 11 
pOH, 85 ff. 

Polarization, 63 ff. 

in fused-salt electrolysis, 395 
and metal deposition, 71 
Polarographic analysis, 92 
Porn ilia cells, 353 
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Porcelains, as diaphragm, 589 
Potassium chlorate, applications of, 
7 

Potassium persulphate, applications 
of, 7 

Potentials, electrode, 51 
calomel, 87 
magnitude of, 53 
measurement of, 58 
single, 51 
table of, 54, 55 
electrochemical, 52 

oxidation and reduction, 54, 57 
ionizing, 562 
resonance, 562 
Potentiometric titration, 89 
Powders, by electrodeposition, 219 
Power, 603 

alternating current for electro- 
chemical industries, 609 
consumption for electrochemical 
products, 609, 613, 614 
costs, for electrochemical pro- 
ducts, 609, 611 
for metal production, 610 
related to price of product, 614 
typical, 615 
direct current, 603 
generation of, 603 

Precious metals, plating of ( see 
individual metals), 
recovery of, in copper refining, 
249#. 

refining of, flowsheet, 251 
Pressure electrolysis, 385#. 

Primary cells, 137 

activated carbon, 145 
caustic soda, 142 
depolarizers in, 138 
dry, 147 

gravity, 139, 140 
types of, 139 

C See also specific names.) 

Q 

Quartz, fused, 538 

applications of, 7 


R 

Rectifiers, 165#. 
aluminum, 167 
copper oxide, 171 

power factor and efficiency of, 
615 

mercury arc, 566#., 604, 605 
ignitron, 569, 605 
tantalum, 168 
vacuum tube as, 578 
Reduction, electrolytic, 93#. 
applications of, 103 
carriers of, 96 

Reduction reactions, table of, 57 
Refining ( see individual metals). 
Refractories, as materials of con- 
struction, 596 

Rennerfelt furnace, 470, 471, 478 
Resistance, definition, 19 
direct, heating by, 465 
Resonance potentials, 562 
Restoration of antique bronzes, 127 
Rhenium, plating of, 203 
Rhodium, applications of, 7 
plating of, 204 
Rochelle salts, 200 
Rochling-Rodenhauser furnace, 473, 
475 

Rubber, 132 

applications of, 7 
deposition, 132 

current efficiency of, 134 
flow sheet, 135 
operating data, 136 


Salt electrolysis, 332 

desirable conditions for, 339 
graphite consumption in, 337 
Salts, equivalent conductivities of, 
40, 4i 

Saturation current, definition of, 550 
Scale removing, 191 
Schonherr-Hessherger furnace, 575, 
576 

yields from, 576 
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Seamless tubing, manufacture by- 
plating, 217 
Secondary cells, 152 jj. 
alkaline, 160 

characteristics, 162 
charge-discharge curves of, 163 
plate, negative, 162 
positive, 161 
theory, 127 
Edison, 152, 160 
Hubbell, 160 
lead, 153 

characteristics, 158 

charge-discharge curves of, 160 

construction of, 154 

open circuit voltage of, 159 

plate formation, 152 

plates, 155 

theory, 154 

Selenium, in copper refining, 237 
Sheet, by electrodeposition, 218 
operating data, 219 
Siemens furnace for ferroalloys, 491 
Siemens-Halske ozonizers, 556 
Silica, fused, 540 
as refractory, 598 
Silicomanganese, 498, 499 
power for, 611, 613 
Silicon, 493 

applications of, 7 
as reductant for chromium, 496 
for ferrochrome, 496 
for manganese, 495 
Silicon carbide, 525 JJ. 
applications of, 7 
flow sheet, 529 
furnaces for, 526, 528 
operating data, 530 
power for, 528, 530, 611, 613, 614 
as refractory, 531, 597 
Silicon monoxide, 531 
Sillimanite as refractory, 598 
Silver, applications of, 7 
coulometer, 26 
overvoltage, 67 
plating of, 204 
refining of, 247 jj. 
cells for, 250 


Silver, refining of, copper anode 
mud, treat ment of, 247 
flow sheet, 251 
operating data, 253, 254 
Parkes process, 247 
power for, 610, 613 
slime treatment, flow sheet, 249 
Silver chloride cell, 139, 144 
Snyder furnace*, 469, 479 
Soapstone as material of construc- 
tion, 590 

Soderberg electrode, 595 
in alumina purification, 403 
in carbide manufacture, 510 
Sodium, 437 

applications of, 7, 437 
Castner process for, 437 Jf. 
commercial cells in, 438 j 7- 
effieienoy of, 440 
from sodium hydroxide, 438 
cleaning with, 327 

energy consumption, 440, 443 
lamps, 553 

liquid cathode cells, 443 

current efficiency of, 440, 442 
power for, 438, 443 
from sodium chloride, 441 
Sodium bichromate, applications of, 
7 


Sodium chlorate, applications of, 7 


Sodium 

chloride, 

electrolysis of 

fused, 441 


Sodium hydroxide*, 

electrolysis of 

fusee 

1, 437 



power consumption for, 613 
Sodium perchlorate, applications of, 

7 

Sodium sulphide, us dip for alumi- 
num cathodes, 588 
Solubility product, 43 
Sorbitol, 102 

applications of, 7 
flow sheet, 101 
operating data, 103 
Sorensen cell, 343 
operating data, 36)8 
Sparks, theory of, 456 
Spiogoleisen, 494 
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Standard cells, 

Standard electrodes, 59 
Stassano furnace, 470, 479 
Steel, furnaces for, 46 Iff. 

as material of construction, 589, 
590, 595 

cobalt plated, 588 
corrosion resistant, 588 
rubber lined, 590 
power for, 613 
Stobie furnace, 468, 479 
Storage batteries ( see Secondary- 
cells). 

Stray currents, 128 
Structure of deposits, in electroplat- 
ing, 193 

in metal deposition, 176 
Sullivan zinc plant, 316 
Sulphur, in calcium carbide produc- 
tion, 505 

in rubber deposition, 133 
Swindell furnace, 462, 467, 479 


Tagliaferri furnace, 471, 479 
Tainton process for zinc electrowin- 
ning, 314 

Tanning, electrical, 131 
Tantalum, applications of, 7 
films on, 167 
rectifier, 168 

Tellurium, in copper refining, 237 
Ternary alloys, plating of, 21 1 
Thallium, in cadmium (dec; trow in- 
ning, 319 

Thermionic current, 577 
Thermionic emission, 563 
Thorium, applications of, 7 
Throwing efficiency, 180 
Throwing power, of plating baths, 
180 

in rubber deposition, 134 
Thurn cell, in bismuth refining, 277 
in silver refining, 250 
Tin, 277 

applications of, 7 
in lead refining, 268 


Tin, overvoltage, 67 
plating, 204 

recovery, from tin-plate scrap, 280 
refining, 277 

anode impurities in, 279 
cell, 281 

electrolytes for, 278 
lead in, 279 

operating data, 279, 280, 282 
power for, 610, 613 
Titanium ( see Ferrotitanium). 
Titration, conductance, 92 
potentiometric, 89 
Titration eoulometer, 26, 28 
Townsend cell, 351 
Transference number, 33 
Transport ratio, 33 
Tubing, by electro deposition, 217 
Tungsten, applications of, 7 
plating of, 205 

IT 

United States Ozone Company ozon- 
izer, 556 

Uranium, applications of, 7 


Vacuum tubes, 577j ff. 

static characteristics of, 580 
Valve electrodes, 167 
Vanadium ( see Ferrovanadium). 
Van’t Hoff factor, 29 
Volt, definition of, 19 
Volta furnace, 467 
Voltaic cells, 46 
Vom Baur furnace, 468 
Vorce cell, 364 
Vosmaer ozonizer, 556 

W 

Walker system, 234 
Water eoulometer, 27 
Weston cell, 31 
Wheeler cell, 367 
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White lead, electrolytic, 112 //. 
applications of, 7 
flow sheet, 116 
operating data, 114 
Whitehead system, 234 
Whiting cell, 342 
Wielgolaski furnace, 571 
Wood, as material of construction, 
589, 590 

Wright coulometer, 28 
Z 

Zinc, electrolytic, 302, 316 
applications of, 7 
electrowinning, 302 
anodes in, 316 

cadmium recovery in, 319, 
321 

calcine in, 305 
cathodes in, 316 
cobalt in, 310 
copper in, 310 

current density in, compari- 
son of, 318 
ferrites in, 314 


Zinc, electrolytic, eleotrowiiming, 
flow sheet, 304 
germanium in, 31! 
high-acid high-current -den- 

sity process, 312 
impurities, electrolytic, ef- 
fect of, 310 
lead in, 310 

low-acid low-current -density 
process, 303, 304 
manganese dioxide by-prod- 
uct in, 3 1 6 JJ. 

metal precipitation in, 307 
operating data, 308, 309 
ore leaching, 305, 306, 311, 

ore roasting, 312 
power for, 610, 613 
Taint on process, 312, 314 
overvoltage, 67 
plating of, 205 
in rubber deposition, 133 
electrot hermic, 501 
furnace for, 502 
operating data, 503 
Zirconium alloys, 500 
Zirconium oxide as refractory, 596 




